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ABSTRACT
CIRCULATION ON T H E WESTERN ANTARCTIC
PENINSULA: IMPLICATIONS FOR BIOLOGICAL
PRODUCTION
Maria Andrea Piiiones Valenzuela
Old Dominion University, 2011
Director: Dr. Eileen E. Hofmann
The western Antarctic Peninsula (wAP) continental shelf is characterized by large
persistent populations of Antarctic krill (Euphausia superba) and by regions of enhanced concentrations of marine mammals and other predators (hot spots). This
study focused on understanding the role of ocean circulation in providing retention/connectivity of wAP Antarctic krill populations and in maintaining biological hot spot regions. Numerical Lagrangian particle tracking simulations obtained
from the Regional Ocean Modeling System (ROMS) configured for the wAP region
provided quantitative estimates of retention, immigration and emigration from the
wAP continental shelf. Additional simulations with a one-dimensional temperaturedependent growth model for krill embryos and early larval stages allowed mapping of
the Lagrangian trajectories into krill developmental stages. The simulated particle
trajectories showed preferred sites for across-shelf transport, with Marguerite Trough
being a primary pathway for movement into Marguerite Bay, Crystal Sound, and the
inner shelf regions. Residence times for the biological hot spots were 18 to 27 days for
Alexander Island and Crystal Sound and almost 35 days for Laubeuf Fjord (biological
hot spot regions). Particles released in the Bellingshausen Sea (remote source) were
transported to the wAP shelf with a time scale consistent with the time required for
Antarctic krill embryos to develop into larvae (120 days). The trajectories of floats
released along the wAP shelf inside the 500-m isobath (local source) showed retention
times on the order of 3 months and low connectivity among different release sites on

the mid to inner shelf, suggesting that local reproduction and development can be
important contributors to wAP Antarctic krill populations. Successful completion of
the descent-ascent cycle of Antarctic krill embryo-larvae occurred along the outer shelf
and in shelf regions where bottom depths were greater than 500 m. Estimated residence times in these areas were 20-30 days, which suggests that krill spawned in the
mid and inner shelf are retained in these regions through development to the first feeding stage (calyptopis I). These results suggest that wAP Antarctic krill populations
along the outer and mid shelf may be dependent on inputs from upstream sources.
Maintenance of populations confined to the inner shelf regions may be dependent on
local processes. Simulated trajectories obtained for projected future environmental
conditions suggested that the circulation would enhance advection of krill larvae to
the shelf but that recruitment and reproduction may be altered, thereby impeding
survival of Antarctic krill.
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CHAPTER 1
I N T R O D U C T I O N AND RESEARCH QUESTIONS
The western Antarctic Peninsula (wAP) (Fig. 1) has been the focus of several
multidisciplinary oceanographic research programs because of the large stocks of marine living resources that are supported in this region.

The first of these programs,

the Biological Investigations of Marine Antarctic Systems and Stocks (BIOMASS),
was designed to provide understanding of the marine ecosystem that could be used as
a basis for management of living marine resources (e.g. El-Sayed, 1977, 1987, 1994).
The research undertaken during BIOMASS, The First International BIOMASS Experiment (FIBEX, 1980-1981) and the Second International BIOMASS Experiment
(SIBEX 1983-1985), provided descriptions of the distribution and ecology of zooplankton, especially Antarctic krill (Euphausia superba), in relation to the environment (Siegel, 1986; Quetin et al., 1994; Schnack-Schiel and Mujica, 1994; Siegel and
Kalinowski, 1994). Subsequent multidisciplinary programs, the Antarctic Marine Living Resources (AMLR) Program (Holt et al., 1991), the Antarctic Marine Ecosystem
Research at the Ice-Edge Zone (AMERIEZ) Program (Sullivan and Ainley, 1987) and
the Antarctic Coastal Ecosystem Rates (RACER) Program (Huntley et al., 1987,
1991), extended the understanding of physical and biological interactions in the wAP
region, and provided valuable multidisciplenary data sets for this area.
Most recently, the wAP was the focus of the Southern Ocean Global Ocean Ecosystem Dynamics (SO GLOBEC) Program, which has a primary scientific goal of understanding the physical and biological factors that contribute to enhanced growth,
reproduction, recruitment and survivorship through the year of Antarctic krill (Hofmann et al., 2002). The U.S. SO GLOBEC field studies took place in the Marguerite
Bay region of the wAP (Fig. 1) during April-June 2001 and 2002 and July-September
This dissertation follows the style of Deep-Sea Research II
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Fig. 1. (A) Map of the study area showing the western Antarctic Peninsula (wAP)
region and bottom bathymetry (m). Geographic names are abreviated as: AP =
Antarctic Peninsula, BS = Bellingshausen Sea, DP = Drake Passage, GVIIS = George
VI Ice Shelf, LIS = Larsen Ice Shelf, WIS = Wilkms Ice Shlef, Chi = Charcot Island,
EI = Elephant Island, SSI = South Shetland Islands, RnE = Ronne Entrance. (B)
Marguerite Bay (MB) region of the wAP with biological hot spot regions indicated
(dotted line box). Geographic names are abbreviated as: MT = Marguerite Trough,
Al = Alexander Island hot spot, CS = Crystal Sound hot spot, LF = Laubeuf Fjord
hot spot, Axl = Alexander Island, AdI = Adelaide Island, Lvl = Lavoisier Island, RI
= Renaud Island, AnI = Anvers Island.
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2001 and 2002 (Hofmann et al., 2004). This program provided extensive hydrographic
and circulation measurements (Beardsley et al., 2004; Howard et al., 2004; Klinck
et al., 2004; Costa et al., 2008) that were coincident with measurements of biological
distributions that included zooplankton (Daly, 2004; Lawson et al., 2004; Ashjian
et al., 2008) and top predator (e.g. penguins and seals) distributions (Burns et al.,
2004; Chapman et al., 2004; Ribic et al., 2008). A primary result from analyses of
the environmental and biological data sets was the identification of localized areas
in and around Marguerite Bay that are characterized by sustained higher biomass
that is in excess of average conditions (biological hot spots) (Costa et al., 2007; Fig.
IB). Associated with these regions are enhanced abundances of top predators (Burns
et al., 2004; Chapman et al., 2004; Ribic et al., 2008).
The areas of the wAP where top predators congregate (Fig. IB) tend to be associated with areas of above-average sea ice concentration and shallow, but irregular,
bathymetry (Burns et al., 2004), or coastal areas that have marginal sea ice (Trathan
et al., 1996; Chapman et al., 2004; Thiele et al., 2004) and where large zooplankton
and adult krill are abundant (Lawson et al., 2004; Ashjian et al., 2008). Predator
distributions have been used as indices of resource availability to describe regions with
localized productivity (Costa, 1991; Trathan et al., 1996) and as indicators of special
oceanographic features such as polynyas or recirculation areas (Trathan et al., 1993).
An additional feature that contributes to enhanced biological production is the
presence of Circumpolar Deep Water (CDW) below about 120 m on the wAP continental shelf (Prezelin et al., 2004; Daly, 2004). Intrusions of CDW onto the wAP
shelf are persistent and seasonally independent (Klinck, 1998; Smith and Klinck,
2002; Dinniman and Klinck, 2004). Intrusions of CDW have an important effect on
the water mass structure of the wAP continental shelf (Klinck, 1998; Prezelin et al.,
2000) but the magnitude and extent of the across-shelf exchange, retention dynamics
and transport mechanisms associated with these events remains to be determined.
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Areas where these events occur are characterized by enhanced primary production
(Prezelin et al., 2000, 2004). The presence of CDW affects distributions of Antarctic
krill (Lascara et al., 1999) and potentially affects all trophic levels (Burns et al., 2004;
Chapman et al., 2004; Sirovic et al., 2004; Thiele et a l , 2004). The contribution of
this water mass to the creation and maintenance of biological hot spots remains to
be quantified.
The overall goal of this research is to identify the role of ocean circulation in
producing the observed biological distributions on the wAP shelf. To address this
goal, research questions that focus on the variability and extent of the across-shelf
exchange and the linkages between the circulation and hot spots were posed as:
Research Question 1: What are the transport pathways, preferred sites for acrossshelf exchange and residence time for localized areas of the wAP continental shelf?.
Research Question 2: What is the role of the circulation in developing and maintaining localized areas of enhanced production and in structuring the distributions of
Antarctic krill larvae on the wAP continental shelf?.
Research Question 3: What is the contribution of local retention versus inputs
from remote sources to maintenance of Antarctic krill populations on the wAP continental shelf?
Research Question 4: How are Antarctic krill reproduction success and larval krill
distribution modified by environmental conditions that may potentially occur as the
result of global warming?
To address these questions a high-resolution numerical circulation model was implemented for the wAP continental shelf. The simulated circulation fields obtained
with the model were used to track Lagrangian particles along and over the continental
shelf on the wAP for different seasons and depths. Particles were released at several
sites along the wAP shelf break, in regions upstream of the wAP and over the continental shelf. The Lagrangian particle simulations were used to determine residence
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times and to link circulation pathways with areas of high predator abundances. The
simulated transport pathways were compared with measured development times for
krill larvae to determine the link between circulation and observed distributions of
krill larvae and juvenile stages. A one-dimensional temperature dependent growth
model for the embryos and early larval stages of Antarctic krill was implemented for
the wAP shelf to determine which regions of the shelf support a successful reproduction of Antarctic krill.
Background information on the circulation and biological distributions of the wAP
continental shelf is provided in the next chapter. This is followed by a description of
the Lagrangian tracking experiments done to determine transport pathways, residence
times and across-shelf exchanges along the wAP. This also provides insights into the
role of circulation in maintaining biological hot spots. A modeling study designed
to determine the role of circulation in providing remote versus local connectivity for
the Antarctic krill populations along the wAP is described in Chapter IV. The onedimensional temperature-dependent krill model and results are given in Chapter V.
This chapter also provides insights into how reproduction of Antarctic krill in the
wAP region may be affected by modified environmental conditions such as may occur
as result of global warming. The final chapter provides a summary of the results
within the context of the research questions and gives insights into the extent to
which the biological distributions on this shelf are influenced by present and future
environmental conditions.
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CHAPTER 2
BACKGROUND
2.1

PHYSICAL ENVIRONMENT

2.1.1

Study Region Characteristics

The bathymetry of the wAP continental shelf is rugged and variable. The continental shelf depths range from 200 to 500 m and deepen onshore as a consequence of
glaciological processes (Anderson, 1999). The coastline along the wAP is irregular,
composed of numerous islands, fjords and embayments that are connected through
deep and narrow channels. The largest embayment is Marguerite Bay located at the
southern end of the Antarctic Peninsula (Fig. 1). The Bay is connected to the shelf
break through a deep trough, Marguerite Trough, which has a maximum depth of
1600 m and is oriented to the northwest off of Adelaide Island (Beardsley et al., 2004;
Bolmer, 2008). Located at the southern end of Marguerite Bay is George VI Ice
Shelf, which extends between the Antarctic continent and the eastern side of Alexander Island (Fig. 1). This ice shelf is the largest on the western side of the Antarctic
Peninsula and extends for over 500 km, connecting Marguerite Bay in the north with
the Ronne Entrance in the Bellingshausen Sea to the south (Potter and Paren, 1984,
Fig. 1). George VI ice shelf is an important component of the circulation and freshwater budget for the wAP shelf region (Lennon et al., 1982; Potter and Paren, 1985;
Dorland and Zhou, 2008).

2.1.2

General Circulation and hydrography

The water mass structure and circulation of the wAP continental shelf is influenced
by the Antarctic Circumpolar Current (ACC), which flows to the northeast along
the outer shelf (Orsi et al., 1995). The ACC transports CDW, a relatively warm
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(1.8-2.0°C), high salinity (34.72), low oxygen, and nutrient-rich water mass, that
is found below 200 m (Sievers and Nowlin, 1984; Hofmann et al., 1996). This water
mass is divided into Upper Circumpolar Deep Water (UCDW), which is characterized
by a temperature maximum at a potential density of 27.72, low oxygen, and high
nutrient concentrations (Orsi et al., 1995; Klinck, 1998; Klinck et al., 2004) and Lower
Circumpolar Deep Water (LCDW), which is characterized by a salinity maximum of
34.74 at a potential density of 27.8 (Stein, 1986; Hofmann et al., 1996).
The water mass structure of the wAP continental shelf is composed of Antarctic
Surface Water (AASW, -1.8-1.0 °C, 33.0-33.7), Winter Water (WW, -1.5 °C, 33.834.0) and UCDW (Toole, 1981; Sievers and Nowlin, 1984; Hofmann et al., 1996). The
water masses above the permanent pycnocline (about 150-200 m) undergo seasonal
modifications. Surface cooling during the winter produces WW and AASW is formed
during the summer by surface heating and inputs of freshwater due to ice melting.
The WW is the portion of AASW that retains the temperature and salinity structure
from the winter. By austral summer the signature of WW is eroded due to mixing
and seasonal heating within the upper water column (Smith et al., 1999).
Below the permanent pycnocline, onshelf flow of UCDW is maintained by the ACC
through a combination of momentum advection and the curvature of the shelf break
(Dinniman and Klinck, 2004). This water mass influences heat and salt budgets
(Klinck, 1998; Smith et al., 1999; Smith and Klinck, 2002) and sea ice formation
(Smith and Klinck, 2002) on the wAP continental shelf. Observations and numerical
circulation modeling studies describe the intrusions of CDW onto the continental shelf
as a regular feature that occurs 4-6 times per year (Klinck et al., 2004; Dinniman and
Klinck, 2004). The position and variability of the southern boundary of the ACC
determines and influences the frequency and extent of CDW intrusions (Orsi et al.,
1995; Dinniman and Klinck, 2004). Recent observations of the characteristics of CDW
intrusions showed that UCDW intrudes in the form of frequent (four per month)
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warm eddy-like structures (Moffat et al., 2009). These observations also showed that
LCDW was on several deep depressions, including Marguerite Trough, forming a layer
«95 m of relatively dense water that reached into Marguerite Trough and is renewed
approximately every six weeks.
Hydrographic (Stein, 1986, 1988, 1989, 1992; Hofmann and Klinck, 1998a; Smith
et al., 1999; Klinck et al., 2004) and surface drifter observations (Beardsley et al.,
2004) showed that the circulation over the wAP continental shelf in the Marguerite
Bay region consists of a clockwise gyre, the inner limb of which is connected to a
southward flowing coastal current, the Antarctic Peninsula Coastal Current (APCC,
Moffat et al., 2008). In the SO GLOBEC study region (Fig. 1), this current is a
seasonal feature that is driven by wind and buoyancy forcing, such as runoff from
land and precipitation (Moffat et al., 2008). During ice-free conditions, the APCC
was observed to flow into Marguerite Bay and exit the south side of the Bay along
Alexander Island (Beardsley et al., 2004). Subtidal currents in the permanent pycnocline tend to have little vertical shear (Smith and Klinck, 2002; Howard et al., 2004).
The flow is weak and is strongly influenced by local topography (Howard et al., 2004).
Hydrographic and direct current meter observations obtained during SO GLOBEC
suggest a mean flow of LCDW into Marguerite Bay along the northern flank of Marguerite Trough (Beardsley et al., 2004; Klinck et al., 2004; Moffat et al, 2008), which
provides a conduit for the LCDW to enter the innershelf region (Beardsley et al.,
2004). Current meter measurements show maximum inflow of 18 cm s - 1 and outflow
velocities of 6 cm s" 1 along the Trough (Moffat et al, 2008). However, the degree to
which the overall shelf circulation is connected with the flow in the Trough and to
that in Marguerite Bay remains to be determined (Klinck et al., 2004).
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2.1.3

Sea Ice

The wAP continental shelf is mostly covered by sea ice during the austral winter,
is ice free in summer north of Marguerite Bay, and the sea ice extent of this region
is characterized by considerable interannual variability (Stammerjohn and Smith,
1996). Seasonal ice cover along the Antarctic Peninsula differs from other regions of
the Southern Ocean in that the period of ice advance is relatively short compared
to the period of ice retreat (Stammerjohn and Smith, 1996). During the past two
decades annual mean sea ice extent in the wAP has shown a negative trend (Smith
and Stammerjohn, 2001; Parkinson, 2002; Vaughan et al., 2003), which is related to a
decrease in the duration of winter sea ice. The timing of sea ice advance and retreat
in this region has changed, with the advance occurring later and the retreat occurring
earlier (Stammerjohn et al., 2008b).
Recent studies have shown that sea ice advance is more sensitive to climate variability than is sea ice retreat (Ducklow et al., 2007; Stammerjohn et al., 2008a).
Changes in sea ice advance have occurred in association with decadal changes in the
mean state of the Southern Annular Mode (SAM) and the high latitude response to
the El Nino-Southern Oscillation (ENSO). The northerly advance of sea ice in the
wAP region is not constrained by any boundary, so rapid ventilation of ocean heat is
possible. Thus, less time is needed to grow sea ice than is needed to melt sea ice. La
Nina events and the positive phase of SAM have a negative impact in the wAP region,
by contributing to a decrease in the duration of the sea ice season. This results in
less time for sea ice to thicken, making the sea ice more vulnerable to disturbances
from oceanic and atmospheric influences.

2.1.4

Atmospheric Circulation

Atmospheric circulation over the Southern Ocean is dominated by a westerly circumpolar vortex (Trenberth et al., 1990; Thompson and Solomon, 2002). The vortex
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is strongest during winter, when polar temperatures are coldest and weakest during
summer months. During the summer, the circulation in the upper atmosphere (at 30
hPa) reverses and becomes weakly westward (Thompson and Solomon, 2002). The
Southern Ocean atmospheric circulation exhibits considerable month-to-month and
interannual variability. The surface wind stress is characterized by annual and semiannual variability. Semi-annual variability is related to the timing of seasonal heating
of the atmosphere south of the 40°S (Large and van Loon, 1989).
Along the wAP, the winds are primarily from the northwest, with the weakest
wind stress occurring during summer and the strongest during winter (Trenberth
et al., 1990; Hofmann et al., 1996). At smaller spatial scales (tens of kilometers),
the topographic features of the Antarctic Peninsula and the katabatic winds (Parish
and Bromwich, 1987; Parish, 1992) contribute to the variability of the wind stress.
In general, weather along the wAP is milder relative to that of the interior of the
Antarctic (Smith et al., 1996; Domack et al., 2003) and the Weddell side (Smith et al.,
1996). During winter the wAP is influenced by episodic storms events generated by
the passage of low pressure systems (Bromwich and Stearns, 1993; Smith et al., 1996).

2.2

BIOLOGICAL P R O D U C T I O N

2.2.1

Distribution

The wAP supports a rich and diverse ecosystem and is considered one of the
most productive areas within the Southern Ocean (Arrigo et al., 1998; Deibel and
Daly, 2007), supporting high primary production, enhanced zooplankton abundance,
and large populations of high trophic level predators. Observations to date of the
distribution and abundance of marine mammals and other predators, obtained as
part of the SO GLOBEC program, show that these animals concentrate in specific
areas of the wAP continental shelf (Burns et al., 2004; Chapman et al., 2004; Sirovic
et al., 2004; Thiele et al., 2004; Costa et a l , 2007).
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Variability in phytoplankton biomass, community composition and primary production in the coastal areas of the Southern Ocean is the result of the combined
effect of water column stratification, sea ice, advection, temperature, light regulation,
and macro-nutrient limitation (Bodungen et al., 1986; Smith and Sakshaug, 1990;
Holm-Hansen et al., 1994; Prezelin et al., 1994; Moline and Prezelin, 1996; Prezelin
et al., 2000, 2004). A historical review of the phytoplankton biomass and productivity data for the Palmer Long-term Ecological Research (PAL LTER) region of the
wAP (Smith et al., 1996), suggest that the shelf-slope system west of the Antarctic
Peninsula is fundamentally different from the pelagic areas of the Antarctic marine
ecosystem. The observed average productivity of the region is on the order of a few
hundred gC m~2 y - 1 , which is roughly a factor of 5 lower than other productive
coastal areas of the world's oceans (Chavez and Barber, 1987). Estimates of annual
primary production in the Southern Ocean (Arrigo et al., 1998) indicate that the
Belligshausen Sea-Amundsen Sea (770 Tg C yr - 1 ) pelagic system has values higher
than the South-Indian Ocean (543 Tg C yr - 1 ) and the Southwestern-Pacific Ocean
(665 Tg C yr" 1 ) sectors but lower than the Weddell Sea and Ross Sea (858-1076 Tg
C yr" 1 )
A combination of environmental and biological factors can regulate primary production in the Southern Ocean. Total annual productivity is dominated by the high
production rates associated with episodic spring blooms, whose development may be
timed by ice-driven water column stability and favorable meteorological conditions
(Smith et al., 1995). Chlorophyll a distributions obtained from the Sea-Wide-Field of
Viewing (SeaWiFS) satellite sensor between 1997-2004 showed higher concentrations
in the Bellingshausen Sea and Marguerite Bay region, which persisted throughout austral spring and summer (Marrari et al., 2008). High concentrations of phytoplankton
are important to provide krill with the food levels that are required for successful
reproduction and larval survival.
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Top predators, especially marine mammals, rely on regional patches of high productivity resulting from localized sources of nutrient influx that occur in upwelling
areas, around bottom topography, in divergence zones or, at the sea ice edge (Costa
and Crocker, 1996). Top predator populations have patchy distributions and their
abundances are good predictors of areas of high prey density (Ainley and DeMaster,
1990; Costa and Crocker, 1996). Marine mammals rely on oceanographic features,
such as frontal systems, thermocline depth, and bathymetry, to concentrate or aggregate prey, which may be necessary to enable effective predation (van Franecker, 1992;
Whitehead et al., 1992; Kenney et al., 1995; Hunt, 1997).
The SO GLOBEC predator program focused on understanding the distribution, abundance, movements patterns and condition of krill predators, such as
crabeater seals (Lobodon carcinophagus), Adelie penguins (Pygoscelis adeliae), fish
and cetaceans [humpback (Megaptera novaeangliae), minke (Balaenoptera bonaerensis) and blue whales (Balaenoptera musculus)}. Understanding distribution and abundance of krill predators is key in understanding the biological factors influencing
growth, reproduction, recruitment, and survival of Antarctic krill, which was the focus of the SO GLOBEC program (Hofmann et al., 2004). One of the major findings
of this program was that predators are not randomly distributed in the wAP; rather
they select habitats based on a combination of biological and physical factors (Burns
et al., 2004; Chapman et al., 2004; Sirovic et al., 2004; Thiele et al., 2004).
The distribution and abundance of seabirds observed during SO GLOBEC indicated that these species selected areas related to sea ice cover, water mass structure,
and bathymetry (Chapman et al., 2004). Higher densities of southern fulmar (Fulmarus galcialoides), snow petrel (Pagodroma nivea) and Antarctic petrel (Thalassoica
antarctica) were observed in the inner shelf near Alexander Island where a coastal
current is present. Other species such as the blue petrel (Halobaena caerulea), kelp
gull (Larus dominicanus) and the southern giant petrel (Macronectes giganteus) were
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associated with variability of the bottom depth. After the development of the pack
ice, seabirds distributions (e.g. snow petrel, Antarctic petrel, Adelie penguin were
mainly related to sea-ice characteristics instead of water column processes. Timing,
development and extent of sea ice as well as hydrographic processes influenced by
bathymetry are important factors structuring sea birds distributions (Chapman et
al., 2004). Fraser and Trivelpiece (1996) analyzed distributions of Adelie penguin
populations for the wAP and observed that 80% of the breeding population were
found in five colony clusters that were associated with deep canyons and basins that
intersect the continental shelf.
Other important groups of apex predators such as cetaceans have been found
in geographically distinct habitats, particularly coastal areas such as fjords where
complex bathymetry may concentrate prey (Thiele et al., 2004). During the SO
GLOBEC field experiments, observations of the abundance, distribution and seasonal
variability in cetacean distributions (Thiele et al., 2004) showed that humpback and
minke whales were the most commonly detected species. These species occupied five
geographically distinct spatial divisions in the study area. They were associated with
increased sea ice cover and boundaries. Higher concentrations were observed when
the ice margins overlapped with food resources in near coastal areas. The availability
and abundance of baleen whale prey was affected by variability in sea ice conditions,
particularly in regions of the Antarctic where annual sea-ice extent is being reduced
or has increased (Zwally et al., 2002). The presence of cetaceans in the wAP has also
been addressed using passive acoustic moorings that recorded whales calls for later
identification. The presence of blue (Balaenoptera musculus) and fin (Balaenoptera
physalus) whales was studied relative to sea ice. Both species of whales showed
negative correlation with sea ice concentration, suggesting an absence of these whales
in areas covered with sea ice (Sirovic et al., 2004).
A third major group of apex predators in the wAP is pinnipeds. The abundance
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and distribution of these animals were studied during SO GLOBEC, using standard
visual observations during ship-based surveys (Chapman et al., 2004) and satellite
tags (Burns et al., 2004, 2008; Costa et al., 2008). These observations showed that
crabeater seals and Antarctic fur seals (Arctocehalus gazella) were the most common species and that these were abundant in nearshore areas associated with abrupt
bathymetry, and in areas of UCDW and high sea ice concentration (Burns et al., 2004,
Chapman et al., 2004). Diving patterns of crabeater seals vary in response to habitat
characteristics; Burns et al. (2008) interpreted seal behaviors in light of information
on the distribution of their primary prey, krill (Euphausia superba or Euphausia crystallorophias). The study showed different scales for foraging by crabeater seals in
different habitats.
Pelagic fishes are important consumers of Antarctic krill and they feed upper
trophic predators such as seals and birds (Donnelly and Torres, 2008). During SO
GLOBEC two distinct assemblages of pelagic fish were observed on the wAP continental shelf. The oceanic assemblage was characterized by high-diversity indices.
The coastal assemblage was characterized by low-diversity indices and dominated by
larval and juvenile notothenioids (Pleuragamma antarcticum). The overlap between
the two assemblages was related to the local hydrographic conditions of the region,
offshelf and along the shelf break. The oceanic assemblage was closely related to the
presence of CDW. Oceanic icthyofauna was observed in Marguerite Trough and toward the innershelf in areas where CDW intrusions have been observed (Hofmann and
Klinck, 1998b; Prezelin et al, 2000; Dinniman and Klinck, 2004; Klinck et al, 2004).
The coastal assemblage showed elevated abundances, particularly of Pleuragramma,
at the northern side of Marguerite Bay. Donnelly and Torres (2008) attribute this to
the presence of copepods and krill (Ashjian et al., 2004; Lawson et al., 2004; Zhou
and Dorland, 2004), which are primary prey groups for P. antarcticum.
The spatial distributions of the major apex predators in the wAP suggest that
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animals select areas based on combinations of particular physical and biological characteristics (Burns et al., 2004; Chapman et al., 2004; Donnelly and Torres, 2008;
Sirovic et al., 2004; Thiele et al., 2004). These regions are key for the reproduction
and survival of Antarctic predators, and studying the physical constraints that affect
these distributions will provide insights into the potential responses of this food web
to global changes and climate variability.

2.3

ANTARCTIC KRILL

2.3.1

Distribution

The distribution of Antarctic krill in the Southern Ocean is circumpolar and
is characterized by regions of persistent high densities (Baker, 1954; Marr, 1962).
The patchiness in krill distribution shows strong seasonal and interannual variability (Brierley et al, 1997; Loeb et al., 1997; Siegel et al., 1998; Siegel, 2005). In the
wAP region during winter, krill abundance is low and is confined mainly over the
continental shelf (Siegel, 1988). From November and into the austral summer, krill
abundance increases and the distribution extends beyond the continental shelf break
(Siegel et a l , 1990). Krill spawning occurs over the summer period from December to
March. There is some interannual variability in this seasonal trend and the period of
spawning can shift by approximately 4 weeks to give either an earlier start or later end
of the spawning cycle (Spiridonov, 1995). During the austral summer, a spatial succession of krill developmental stages can be observed (Siegel, 1988). Spawning stages
of krill migrate offshore to oceanic regions along the continental shelf break, while
juveniles and small adults are found in coastal waters (Siegel, 1988, 1992; Hofmann
et al., 1992; Lascara et al., 1999).
Several studies have focused on the importance of local and large-scale circulation
patterns in the transport and distribution of Antarctic krill, particularly the role of
the southern boundary of the ACC in connecting different regions (Priddle et al.,
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1988; Siegel, 1992; Everson and Miller, 1994; Siegel and Kalinowski, 1994; Hofmann
et al., 1998; Murphy et al., 1998; Fach et al., 2002; Hofmann and Hiisrevoglu, 2003).
The large krill population west of the Antarctic Peninsula appears to be maintained
by occasional strong year classes, with often poor recruitment in the intervening years
(Siegel and Loeb, 1995; Hewitt et al., 2003; Quetin and Ross, 2003). Large differences
in abundances of larval and juvenile krill were observed between austral fall-winter
2001 and 2002 during the SO GLOBEC field studies. During 2001, krill larvae were
abundant with younger stages dominant offshore and older stages dominant onshore,
and only few juveniles were present (Daly, 2004). During fall 2002, a similar distribution was observed for the krill larvae, but juveniles were more abundant on the middle
and inner shelf indicating successful recruitment from the previous year (Daly, 2004).
Large densities of larval krill were supported by high concentrations of chlorophyll a
particularly in the vicinity of Marguerite Bay and to the south in the Bellingshausen
Sea (Marrari et a l , 2008).
Seasonal ice cover is an important factor affecting krill reproductive timing and
success (Siegel et al., 1990; Siegel and Loeb, 1995) and the life-cycle of Antarctic
krill is related to seasonal sea ice in a number of ways (Mackintosh, 1972, 1973;
Marschall, 1988; Daly, 1990; Smetacek et al., 1990; Daly and Macaulay, 1991). Ice
edge phytoplankton blooms have been suggested as an important factor influencing
krill recruitment in the northern Antarctic Peninsula region (Siegel and Loeb, 1995;
Smith et al., 1998). In this region, spring and summer ice edge blooms support krill reproduction and winter sea ice biota provide food for overwintering larvae (Kawaguchi
and Satake, 1994; Siegel and Loeb, 1995; Quetin and Ross, 2003). In the southern
Peninsula however, ice edge blooms are not a prevalent feature. Observations during
the 2001 and 2002 SO GLOBEC fall and winter cruises indicated that sea ice biota
concentrations were very low, with a large percentage of the krill larvae not even
associated with the under surface of sea ice (Daly, 2004; Marrari et al., 2008). These
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results are opposite to previous findings (e.g., Siegel and Loeb, 1995; Smith et al.,
1998), indicating that sea is not necessarily a good predictor of food availability for
overwintering larvae in the region (Daly 2004; Marrari et al., 2008).
2.3.2

Life cycle and development times

Antarctic krill has a multiyear life cycle, that begins when gravid females migrate
offshore to spawn (Siegel, 1988; Ross and Quetin, 1983; Siegel, 1992). Krill spawn
during the summer season between mid-December and March (Ross and Quetin,
1986; Hosie et al., 1988). Krill have a long and complex larval sequence that includes
development of the egg through Nauplius (2 stages), Metanauplius, Calyptosis (3
stages) and Furcilia (6 stages) (Fraser, 1936) (Table 1). Calyptopis I is the first larval
stage to occur at the surface and is the first feeding stage (Marr, 1962). It is then
about 18-21 days after hatching (Witek et al., 1980; Ross et al., 1988) and is 1-2
mm in length (Fraser, 1936; Ikeda, 1984). At the end of summer, larvae moult to
the early furcilia stages and in early winter they reach an average size of about 4-10
mm (Fraser, 1936; Witek et al., 1980; Siegel, 1989). Observations in the Scotia Sea
showed that larval growth seems to continue during winter (Daly, 1990) but slows by
late March (Huntley and Brinton, 1991). On the wAP in the Marguerite Bay region
larvae growth during winter was slow or nearly absent (Daly, 2004).
Krill embryos are heavier than seawater and sink rapidly out of surface layers
(Quetin and Ross, 1984; Ross and Quetin, 1985). Consequently, early developmental
stages must return to the surface to feed. After spawning E. superba embryos hatch at
about 850 m-1000 m, after 4.5 to 6 days, depending on the temperature structure of
the water column (Marschall, 1983; Quetin and Ross, 1984; Ross and Quetin, 1985).
The first three larval stages (nauplii) occur below 250 m. The calyptopis I larvae,
the first stage with mouth and feeding appendages, usually lives in the surface layer
where it encounters food (Marr, 1962; Hempel et al., 1979). The entire developmental
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sequence takes about four months (Ikeda, 1984) if there is enough food available, or
not until nine months (mid-November) under winter conditions of low food and low
temperature (Ross et al., 1987). In the ocean, however, furcilia VI larvae are found
in the same area both at the beginning of winter, sometimes under the ice (Guzman,
1983), and in the spring, suggesting that further development is delayed while food
levels are low. In the Marguerite Bay region, the abundant overwintering larval
stages indicated two reproductive pulses during the previous summer (Daly, 2004).
The availability of food is critical once the calyptopis I larvae reach the surface.
The hatching larvae have enough energy stores to tolerate about 10 to 14 days of
starvation after metamorphosis, but further starvation results in eventual death even
if food becomes available later (Ross and Quetin, 1989; Hofmann et al., 1992).
Krill can grow to approximately 15 mm in length before their first winter (see
Hofmann and Lascara, 2000) and do not mature until they are about 2 years old
(Cuzin-Roudy, 1987a,b; Siegel and Loeb, 1994). During this time they overwinter
twice. Adult krill grow to 50 to 60 mm in total length. During the early summer
periods, juvenile krill are transported by currents as largely passive particles. Larger,
adult krill can swim as well as small fish, moving distances larger than 10 km d - 1
(Kanda et al., 1982). These stages can maintain speeds of 10-15 cm s _ 1 (Kils, 1982).
Temperature is also a significant variable in the early weeks of Antarctic krill
development (Ross et al., 1988; Fach et al., 2002). The waters around Antarctica
have a seasonal temperature range between -1.8°C to 2.5°C. Embryos and larvae may
encounter nearly this full range during their developmental descent and ascent. Ross
and Quetin (1986) found that this narrow temperature range has a significant effect
on both embryonic duration and larval development times in the laboratory. They
observed that developmental time does not depend linearly on temperature, but can
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Table 1
Cumulative developmental time of krill larvae in days obtained from laboratory experiments (Ikeda, 1984), field data analysis (Witek et al., 1980; Ross et al., 1988; Daly,
1990) and modeling studies (Hofmann et al., 1992; Hofmann and Lascara, 2000).
The simulated development times are representative of average conditions. Antarctic
krill stages are abbreviated as: N = Nauplius (stage I-II), MN = Metanauplius, C =
Calyptopis (stage I-III), F = Furcilia (I-VI).
Kril]I Stage
Source N l N i l M N CI
Witek
30
et al.
(1980)1
Ikeda
8 13 20 30
(1984)2
Ross et
14- 22- 3824 41
al.
(1988)1'2
Daly
(1990)1'2
Hofmann 5- 10- 18et al.
8
16 33
(1992)3
Hofmann 32
and
Lascara
(2000)3
1
Field data analysis
2
Laboratory experiments
3
Modelinjg studies

cn cm
6075

FI
7090

FII
75105

FIII

4560

90120

FIV
105135

FV
120180

FVI
135240

44

5255
-

6364
-

75

8587
-

98102
-

111114
-

124131

-

-

95135
-

118164
-

114193

117

163

258

52-

-

-

3345

-

-

-

90121
-

44

50

58

70

100

be described with a Belehradek temperature function (Belehradek, 1926) of the form:
D = a(T-b)c,

(1)

where D is developmental time in days, T is temperature, and a, b and c are fitted

20

constants.
The relationship between temperature and developmental times is curvilinear with
a sharp decrease in developmental times between -1.0°C and 0°C. Ross et al. (1988)
observed that this relationship was best described by an exponential model of the
form:
D = B0expBlT

+B2,

(2)

where D is developmental time in days, T is the temperature, and Bo, B\ and B2 are
fitted constants. Laboratory experiments indicated that a cold sensitive period exists
during early larval development. Developmental times were obtained for embryos,
nauplius, metanauplius, and calyptopis stages I and II. The predicted developmental
times for the first two feeding stages obtained by Ross et al. (1988) were longer than
those obtained from laboratory experiments given in Ikeda (1984).
The relative effect of temperature and food on krill growth rate was estimated for
a 2 mm krill (larval size) during transport across the Scotia Sea (Fach et al., 2002).
These simulations showed that the effect of temperature is most pronounced when
high food concentrations coincided with increased temperature. The short duration
growth rates increases that they observed during approximately one year of simulation
were sufficient to have an effect on the final size of krill.

2.4

LAGRANGIAN PARTICLE EXPERIMENTS
The advective transport pathways and transit times for Antarctic krill in the

Southern Ocean have been studied primarily using numerical Lagrangian particle
tracking experiments in which krill are considered as passive particles (Capella et al.,
1992; Hofmann et al., 1998; Thorpe et a l , 2004; Fach and Klinck, 2006) or by coupled
physical and biological models (Murphy et al., 2004; Thorpe et al., 2007). These
studies examined the role of advection by ocean currents and sea ice in the distribution
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of Antarctic krill and connectivity among krill populations around Antarctica. These
studies have focused on regional (Capella et al., 1992; Fach and Klinck, 2006) and
circumpolar (Thorpe et al., 2007) connectivity of krill populations.
The frontal regions of the ACC have an important role in the transport of krill in
the Scotia Sea (Capella et al., 1992; Hofmann et al., 1998; Murphy et al., 1998; Fach
and Klinck, 2006), as they are regions of enhanced current speed. Particle tracking
studies showed that transport from the Antarctic Peninsula region via the Southern
Antarctic Circumpolar Current Front (SACCF) provides a primary route for bringing
krill into the northern region of the Scotia Sea around South Georgia (Capella et al.,
1992; Hofmann et al., 1998; Murphy et al., 1998; Murphy et al., 2004). Fach and
Klinck (2006) showed that successful transport of krill to South Georgia depended
on multiple factors, such as the location of the spawning area, timing of spawning,
and variations in the location of the SACCF. Variability in sea ice distribution was
also found to be a factor regulating the influx of krill to South Georgia region, from
upstream regions in the Scotia Sea (Murphy et al, 1998; Fach et al., 2002). Lagrangian
particle experiments in the wAP consist only of the study by Capella et al. (1992),
which showed that Bransfield Strait is a region of potentially high larval abundance
because it is supplied with larvae that are transported from the surrounding areas
and by local production. In these Lagrangian calculations, the surface flow was the
primary factor influencing the final location of the embryo-larvae particle and the
timing of krill spawning affected the eventual position of the feeding larvae.

2.5

CIRCULATION MODEL
A circulation model has been developed for the wAP (Dinniman and Klinck, 2004;

Dinniman et al., 2011), which is based on the Rutgers/UCLA Regional Ocean Model
System (ROMS, Shchepetkin and McWilliams, 2005). The wAP model domain covers
the continental shelf region in and around Marguerite Bay, has a 4-km horizontal
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resolution, and is composed of 24 vertical sigma-layers that concentrate toward the
surface and the bottom, allowing a better resolution in near shore areas. The model
is forced by surface fluxes of heat, momentum (wind stress), freshwater, and by flow
of the ACC along the shelf break in the region. The wAP circulation model is coupled
with a dynamical sea ice model developed by Budgell (2005).
The comparisons of the wAP velocity and hydrographic distributions given in
Dinniman and Klinck (2004) showed good agreement with general flow characteristics, dynamic topography, mean ADCP current fields, and hydrography described in
Klinck (1998), Howard et al. (2004) and Klinck et al. (2004). The simulated seasonal
variations in the depth and temperature of the mixed layer also matched observations
(Klinck, 1998; Klinck et al, 2004).
Momentum advection and curvature of the shelf break were the two dynamical
effects identified in the simulated circulation fields that allowed CDW intrusions to
occur (Dinniman and Klinck, 2004). The simulated circulation fields showed a cyclonic gyre over the continental shelf with the ACC at the outer shelf boundary and a
southwestward flow along the coast as the inner boundary, similar to observations in
Smith and Klinck (2002). The simulated circulation fields also showed that variability
in the location of the ACC along the wAP affects the movement of CDW onto the
shelf, which has important implications on the heat and salt budgets of the region
and also for sea ice formation (Klinck, 1998; Smith and Klinck, 2002).
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CHAPTER 3
LAGRANGIAN SIMULATION OF TRANSPORT
PATHWAYS AND RESIDENCE TIMES ALONG THE
WESTERN ANTARCTIC PENINSULA
3.1

INTRODUCTION
The continental shelf of the western Antarctic Peninsula (wAP) was the primary

study site for the U.S. Southern Ocean Global Ocean Ecosystems Dynamics (SO
GLOBEC) Program, which had a main scientific goal of understanding the physical
and biological factors that contribute to enhanced growth, reproduction, recruitment
and survivorship through the year of Antarctic krill, Euphausia superba (Hofmann
et al., 2002). The U.S. SO GLOBEC field studies took place in the Marguerite
Bay region of the wAP (Fig. 1) during austral fall (April-June 2001 and 2002) and
austral winter (July-September 2001 and 2002) (Hofmann et al, 2004, 2008). This
program provided extensive hydrographic and circulation measurements (Beardsley
et al., 2004; Howard et al., 2004; Klinck et al., 2004; Costa et al., 2008) that were coincident with measurements of zooplankton (Daly, 2004; Lawson et al., 2004; Ashjian
et al., 2008; Marrari et al., 2011) and top predator (e.g. penguins and seals) distributions (Burns et al., 2004; Chapman et al., 2004; Ribic et al., 2008). A major
result from analyses of the environmental and biological distributions was the identification of areas in and around Marguerite Bay that are characterized by sustained
higher biomass that is in excess of average conditions (biological hot spots) (e.g. Fig.
IB, Costa et al., 2007). Associated with these regions were enhanced abundances of
marine mammals and other top predators.
Predators are not uniformly distributed in the wAP; rather they select habitats
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based on a combination of biological and physical factors (Burns et al., 2004; Chapman et al., 2004; Sirovic et al, 2004; Thiele et al., 2004). They tend to be associated with areas of above average sea ice concentration and shallow but irregular
bathymetry (Burns et al., 2004), or coastal areas that have marginal sea ice (Trathan
et al., 1996; Chapman et al., 2004; Thiele et al., 2004) and where large zooplankton
and adult Antarctic krill are abundant (Lawson et al., 2004; Ashjian et al., 2008).
Because of this selective distribution, predator distributions have been used as indices
of resource availability to describe regions with localized productivity (Costa, 1991;
Trathan et al., 1996) and as indicators of oceanographic features, such as polynyas
or gyre circulation areas (Trathan et al., 1993).
The presence of CDW on the wAP continental shelf below the permanent pycnocline (about 120 m) is a dominant feature of this habitat (Smith et al., 1999; Klinck
et al., 2004). Intrusions of CDW onto the wAP shelf are persistent, seasonally independent, and arise from interactions of the ACC with the bathymetry of the outer
continental shelf (Klinck, 1998; Smith and Klinck, 2002; Dinniman and Klinck, 2004).
The CDW intrusions are important to wAP heat, salt (Smith and Klinck, 2002) and
nutrient budgets (Serebrennikova and Fanning, 2004) and areas where CDW intrusions occur are characterized by enhanced primary production (Prezelin et al., 2000,
2004). The presence of CDW affects distributions of Antarctic krill (Lascara et al.,
1999) and potentially all trophic levels (Burns et al., 2004; Chapman et al., 2004;
Daly, 2004; Sirovic et al., 2004; Thiele et al., 2004). Intrusions of Upper Circumpolar Deep Water (UCDW, potential temperature (9) >1.5°C, salinity 34.6-34.7) are
frequent (3-4 per month) and Lower Circumpolar Deep Water (LCDW, 9 1.3-1.7°C,
salinity 34.72) intrusions are observed along deep trenches, such as Marguerite Trough
(Fig. IB), as dense water tongues that fill the depressions below 450 m and reach the
inner portion of the wAP continental shelf (Moffat et al., 2009).
The role of the advective circulation in structuring biological populations has been
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studied using numerical Lagrangian models, which provide estimates of transport
pathways and residence times (see reviews in Hofmann and Lascara, 1998; Carlotti
et al., 2000; deYoung et al., 2010). For the Antarctic, numerical Lagrangian particle
tracking experiments have been used to determine transport patterns for Antarctic
krill embryos and early life stages (Capella et al., 1992) and connectivity of Antarctic
krill populations at regional (Hofmann et al., 1998; Murphy et al., 1998; Murphy et
al., 2004; Fach and Klinck, 2006) and circumpolar scales (Thorpe et al., 2004; 2007).
These studies highlighted the importance of the ACC fronts as primary transport
mechanisms for Antarctic krill and potentially other plankton. Lagrangian studies
for the wAP region showed that variability in the location of the SACCF relative to
the continental shelf edge is an important determinant of plankton export or import
(Hofmann et al., 1998; Fach et al., 2006). The wAP region also has local retention of
Antarctic krill (e.g. Capella et al., 1992; Lawson et al., 2004), and potentially other
plankton, due to clockwise gyres that are part of the continental shelf circulation
(Smith et al., 1999; Klinck et al., 2004).
The spatial distributions of the major apex predators along the wAP continental shelf suggest that these animals select areas based on combinations of particular
physical and biological characteristics. These regions are key for productivity of the
wAP ecosystem, and understanding the processes that produce them will provide insights into the potential responses to global change and climate variability. Therefore,
the objective of this study was to determine the role of the circulation in producing
observed biological distributions on this shelf. This objective was addressed by using a numerical circulation model developed for the wAP (Dinniman and Klinck,
2004) to do a series of Lagrangian particle tracking experiments to determine sites
of across-shelf transport and to obtain quantitative estimates of residence times in
specific regions and primary transport pathways.
The following section provides a description of the numerical circulation model
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and Lagrangian experiments used in this study. The results from the numerical simulations were used to develop diagnostics of the characteristics of the flow, determine
primary transport pathways on the wAP continental shelf, and estimate residence
times in areas of the shelf that are characterized by aggregations of top predators.
The discussion and summary section places these results in the context of what is
currently known about biological distributions on the wAP continental shelf.

3.2

METHODS

3.2.1

Circulation model

The Rutgers/UCLA Regional Ocean Modeling System (ROMS) version 3.0 was
implemented for the wAP region (Fig. 1A) and used to provide the circulation distributions for the Lagrangian experiments. This model is a free-surface, terrainfollowing, primitive equations ocean circulation model (Shchepetkin and McWilliams,
2005; Haidvogel et al., 2008). The version of the circulation model used in this study
included a dynamic sea-ice model (Budgell, 2005) and thermodynamically active ice
shelves (Dinniman et al., 2007).
The model domain extended along the western side of the Antarctic Peninsula
from 72° S to the tip of the Peninsula, covered the entire continental shelf, and extended about 500 km offshore from the shelf break (Fig. 1A). The horizontal grid
spacing was 4 km and there were 24 vertical levels, which were concentrated towards the top and bottom of the domain. The flow components u (east-west) and v
(north-south) are oriented according to the grid configuration or roughly along the
coastline. Therefore east-west component represents along-shelf flow and north-south
component represents the flow across-shelf. The bathymetry grid was constructed
from sources that included, ETOP02v2 (2 minute gridded bathymetry, Smith and
Sandwell, 1997), Woods Hole Oceanographic Institution SO GLOBEC bathymetry
data (Bolmer, 2008), BEDMAP data including bathymetry beneath ice shelves and
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ice thickness, a bathymetry developed for simulation of tidal flow under ice shelves
(Padman et al., 2002), and bathymetry data given in Maslanyj (1987). The latter
data source provided ice thickness and bedrock depth below sea level for the George
VI Ice Shelf (Fig. 1A). The wAP model bathymetry was modified over the outer
few grid-points of the model domain so that the isobaths were normal to the boundary, which improves performance of open-boundary conditions (e.g. Dinniman et al.,
2003; Dinniman and Klinck, 2004). The bathymetry was smoothed with a modified
Shapiro filter, which was designed to selectively smooth areas where the changes in
bathymetry are large with respect to the total depth (Wilkin and Hedstrom, 1998).
For the wAP model, domain most of the changes to the bathymetry were in the inner
shelf around islands, where the bathymetry is steep and the water depths are shallow.
The sea ice was simulated using a dynamic-thermodynamic module coupled with
the ocean circulation model. The sea ice dynamics are based upon an elastic-viscousplastic rheology (Hunke and Dukowicz, 1997; Hunke, 2001), which allows the sea ice
to deform as a plastic material, thereby providing increased realism for shorter time
scales associated with physical forcing (Budgell, 2005). The sea ice thermodynamics
are based on Mellor and Kantha (1989) and Hakkinen and Mellor (1992), which allow
one layer of snow and two layers of sea ice. The snow layer is an insulating layer and
also absorbs incoming radiation as it melts in the spring. A molecular sublayer at the
bottom of the ice layer-ocean allows realistic freezing and melting rates.
At the model boundaries, monthly climatologies derived from the Simple Ocean
Data Assimilation (SODA) reanalysis (Carton and Giese, 2008), were used to specify
temperature, salinity, and depth-averaged velocities, similar to what was done by Dinniman and Klinck (2004). The baroclinic velocities were specified using pure radiation
conditions. The model was initialized with horizontally uniform temperature, salinity
and a vertical structure obtained from the average of the SODA climatologies. The
horizontal variation was imposed over five days to minimize the initial geostrophic
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adjustment of the simulated flow.
The model was forced with daily wind stress and wind speed calculated from 12hr winds obtained from the Antarctic Mesoscale Prediction System (AMPS, Powers
et al., 2003), which were applied as a surface stress. The wind forcing was for September 15, 2003 to September 15, 2005. Monthly climatologies of precipitation, surface
pressure, air temperature, and humidity obtained from AMPS were used to specify
freshwater and air-sea fluxes. Precipitation and the monthly cloud climatologies were
obtained from the International Satellite Cloud Climatology Project (ISCCP, Rossow
and Schiffer, 1999). Open ocean momentum, heat, and fresh water (imposed as a salt
flux) fluxes for the model were then calculated based on the COARE 3.0 bulk flux
algorithm (Fairall et al., 2003).
Evaluation of the simulated circulation fields for the wAP was done using Acoustic
Doppler Current Profiler (ADCP) observations made during the SO GLOBEC field
studies (Howard et al., 2004) and historical hydrographic observations. Details of
these comparisons are given in Dinniman and Klinck (2004).
3.2.2

Flow diagnostics

The characteristics of the advective flow on the wAP were determined first to
provide guidance as to space and time scales needed to constrain the Lagrangian
particle simulations. The simulated mean surface flow and that from the depth that
corresponds to the CDW (model sigma level 15) were analyzed to identify persistent
high/low velocity regions, the shape and distribution of circulation gyres, and general
flow patterns.
The temporal variability of the wAP circulation was obtained by determining
the autocorrelation of the flow at each model grid point. The autocorrelation (p^)
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function (Box et al., 1994) for a time lag, k, is defined by:

Pk = -A,
9
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The mean of the values in the time series, zt, for times £ = 1 to iV is given by
z. For this analysis, the time series (zt) that were analyzed were the east-west (u)
and north-south (v) velocity components obtained from the circulation model at daily
intervals. The decorrelation scale of the advective flow at each model grid point was
taken to be the time lag prior to crossing the 95% confidence interval.
3.2.3

Lagrangian Experiments

The trajectory followed by a particle in space (x, y, z) and time (t) is described
by the equation:
~

= U(X,t) + WvwZ,

(6)

where ^ is the change in the location of a particle along a three-dimensional (x,
y, z) trajectory given by X.
velocity U(X,t),

The particle location is modified by the advective

and vertical diffusion, which was included by adding a random

vertical displacement (Wvw), to the vertical (Z) particle location at each time step
(Hunter et al., 1993; Visser, 1997). The maximum value allowed for vertical diffusion
10~2 m 2 s _ 1 is associated with convective flows. The horizontal (u, v) and vertical (w)
velocity components were obtained from the circulation model.
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The horizontal and vertical positions of the particles, at each time interval were
obtained using a fourth-order Milne predictor (Abramowitz and Stegun, 1964) and a
fourth-order Hamming corrector scheme (Hamming, 1973). Vertical displacement resulting from the random walk parameterization of vertical diffusion was obtained with
a forward difference scheme. The probability distribution for the vertical displacement is Gaussian and includes a correction for the vertical gradient in the diffusion
coefficient. The time step used in the Lagrangian particle tracking experiments was
four minutes, but the particle positions were obtained at two-hour and twelve-hour
intervals, depending on the experiment.
Lagrangian numerical experiments were designed to focus on sites of across-shelf
exchange, particularly areas of CDW intrusions, general transport patterns on the
wAP continental shelf, and import/export of particles in specific regions of the wAP.
These studies used neutrally buoyant floats that were released at several sites and
depths along the outer and mid-regions of the wAP and in arrays of varying density
(Fig. 2, Table 2). The horizontal and vertical release points for the particles were determined from the spatial decorrelation scales obtained from analysis of the advective
fields. The fine-grid float array provided determination of general transport patterns
(Fig. 2). The coarse-grid float array (Table 2) consisted of transects across the shelf
break in regions where the flow was onshelf and had higher velocities. Areas where
the floats consistently crossed the continental shelf break were used to identify regions
of CDW intrusions, and these were used to define a shelf break float array (Fig. 2).
The position of the particles for these three grid arrays (coarse, fine, and shelf break)
was obtained every two hours; this time interval is shorter than the decorrelation
scales obtained from analysis of the advective fields.
The role of circulation in producing the biological hot spots was explored by tracking the origin of particles transported into the regions. Two experiments explored
contributions to hot spots (Fig. 2, Table 2); in the first experiment the simulated
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Longitude (°W)

Fig. 2. Distribution of release locations used for the Lagrangian simulations, which
included a high resolution grid that covered the outer shelf, shelf break and slope
(light gray dots), a coarse resolution grid with transects crossing the shelf in areas
of onshelf flow (black dots), and locations along the shelf break (*). Additional
Lagrangian release experiments were done in the three biological hot spots, indicated
by the gray squares. The region around the hot spot used for the simulated drifter
releases are indicated by the gray squares.
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Table 2
Summary of the numerical Lagrangian experiments done for the west Antarctic Peninsula region. For each experiment, the grid resolution, description, number of release
points, depth of drifter release, release date, and release frequency is given.

Resolution

Description

Fine grid

Higher
resolution
grid, along
shelf break

Shelfbreak
grid

Pathways for
CDWintrusions
To determine
residence times
for hot spots

Hot spots
grid

ObservationsPoints of
WOCE
release to
drifters
compare with
observations
from WOCEdrifters

Number Depth
of reof
lease
release
(m)
points
407
300

14

49

17

250, 300,
350, 400,
450, 500
0, 50,
100, 150,
200, 250,
300
15

Release date

Release
frequency

23 January
2004 to 23
April 2004 at
10 days
intervals
23 January
2004

Multiple-11
releases

15 January
2004 and 15
May 2004

One time

24 January
2005 21
January 2005
29 January
2005 27
January 2005,
2 days before,
same day and
2 days after

Multiple-20
releases

One time

floats were released at 300 m at 10-day intervals for 60 days in a grid of transects that
extended across the continental shelf break. For the second experiment the simulated
floats were released at 300 m at 10-day intervals for 100 days in a high-resolution grid
of transects that extended across the continental shelf break (Fig. 2, Table 2).
Residence time estimates were obtained for the hot spot areas of the wAP shelf
by releasing one float at each grid point in a 7 x 7 grid (24 km x 24 km) between
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0 and 300 m at 50-m intervals (7 depths), for a total of 343 floats (Fig. 2, Table 3).
The horizontal spacing was defined by the horizontal resolution of the model (i.e. 4
km). The position of the particles was obtained at twelve-hour intervals. Floats were
released in the summer (January 15) and in the fall-winter (May 15) and tracked for
354 and 489 days, respectively. The time required for the floats to exit the release
area was taken as a measure of the residence time for the region. The fraction of
particles that remained within the source region with respect to the initial number
of floats released was obtained at each time interval and used to calculate residence
time as:
f(r)=foe-XT,

(7)

where / is the fraction of particles that remain within the source region at an elapsed
time T, given in days since release, f0 is the initial fraction of particles at r = 0, and
A is the decay constant. Residence times were calculated for the e-folding time scale
or the time when the fraction of particles was reduced to 0.3679 (Fig. 3). Residence
times were calculated for each depth of release and a total mean was calculated for
each hot spot region. The significance of differences between the mean residence
times obtained for the summer and winter was determined using a i-test with a 95%
confidence interval and for 12 degrees of freedom.

3.2.4

Definition of Hot Spots

The top predator biological hot spots (Costa el al., 2007) were defined based on
habitat use by seabirds, cetaceans, crabeater seals, and pelagic fish. The Alexander Island hot spot region (Fig. IB, Table 3) is south of Marguerite Bay and was
characterized by densities of southern fulmars (Fulmarus galcialoides), snow petrels
(Pagodroma nivea), and Antarctic petrels (Thalassoica antarctica), that were higher
than observed in other regions of the wAP before pack ice is formed (Chapman et al.,
2004). Crabeater seal sightings and satellite tracks data also showed high densities
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Fig. 3. The fraction of particles that remained within the Laubeuf Fjord hot spot
at 50 m after release on 15 May (/) versus elapsed time (r, in days) since the start of
the simulation (•). The model fit to the data (solid line) is shown. Similar analyses
were done for other depths and the two other hot spot locations to obtain residence
time estimates.
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Table 3
Latitude and longitude boundaries used for the Lagrangian experiments for the three
biological hot spot regions.
Hot Spot
Region
Crystal
Sound
Alexander
Island
Laubeuf
Fjord

North limit

South limit

East limit

West limit

66°16.8/0S,
67°06.3'°W
68°31.3'°S,
70°45.4'°W
67°59.3'°S,
67°37.0'°W

66°34.9'°S,
67°12.5'°W
68°49.2'°S,
70°55.1'°W
67°55.1'°S,
68°06.1'°W

66°27.0'°S,
66°46.7'°W
68°42.0'°S,
70°25.5'°W
67°47.4'°S,
67°39.0'°W

66°24.6'°S,
67°32.0,oW
68°38.5'°S,
71°14.9'°W
67°44.7'°S,
68°26.8'°W

in this hot spot (Burns et al., 2004). This region was also identified as a location for
baleen whale feeding during summer and autumn (primarily minke and humpback
whales, Thiele et al., 2004). The Laubeuf Fjord hot spot, located south of Adelaide Island inside Marguerite Bay (Fig. IB, Table 3), was characterized by elevated
abundance of pelagic fish (Pleuragramma antarcticum, Donnely and Torres, 2008),
which may be related to elevated biomass of copepods and krill (Ashjian et al., 2004;
Lawson et al., 2004; Marrari et al., 2011) in this area. The Crystal Sound hot spot
region, located between Adelaide Island and Renaud Island (Fig. IB, Table 3) had
high densities of crabeater seals (Burns et al., 2004) and krill (Zhou et al., 2004).
For the numerical Lagrangian particle experiments, equal-sized regions were defined around each hot spot (Fig. IB, Table 3), which allowed the transport pathways
and residence times obtained for the three regions from the Lagrangian particle experiments to be compared. Each area was defined to be 24 km x 24 km, which contained
a total of 49 grid points in the horizontal and sampled for seven depths from surface
to 300 m, was large enough to include the hot spots defined from observations.
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3.2.5

Evaluation of Simulated Float Trajectories

Prior to implementing the Lagrangian studies for specific regions of the wAP, the
simulated float trajectories were evaluated by comparisons with drifter measurements
made as part of the PAL LTER program. In January 2005, World Ocean Circulation
Experiment (WOCE)-style drifters were released in Marguerite Bay and tracked via
the ARGOS satellite system (Table 4). Details of the methodology for the drifter
data are given in Beardsley et al. (2004). To compare observed and simulated drifter
trajectories, an array of 16 surface floats was released around the location of the
observed drifter, and one float was released at exactly the same release location of
the observed drifter. Each of the four arrays was released at three times, two days
before, same day and two days after the day of the observed drifter release (Table 4).
The frequency of the releases was defined according to the short decorrelation scales
observed on the surface flow (see section III.3.1.2). The simulated float trajectories
were obtained at twelve-hour intervals; the reporting interval of the satellite-tracked
drifters was every 1.2 (located 20 times per day) hours. Simulations of the float
trajectories extended until the last day of data return for which the observed floats
were still in the region used in this study (Table 4). The WOCE-style drifters provided
observations of the surface circulation; therefore, only simulated surface fields were
used for comparisons of general circulation pathways and time scales.

3.3

RESULTS

3.3.1
3.3.1.1

Flow Diagnostics
Flow Characteristics

The simulated mean surface circulation along the outer edge of the wAP continental shelf was dominated by the northeasterly flowing ACC. Surface velocities in
excess of 0.1 to 0.15 m s _ 1 (Fig. 4A) were associated with the southern boundary of
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Longitude (°W)

Longitude

Fig. 4. (A) Simulated surface mean circulation field for the entire western Antarctic
Peninsula model domain calculated using approximately 1.7 years of simulated distributions (from model day 1560-December 24 to model day 2190-September 30). The
velocity vectors were plotted for every 8th grid point (28 km resolution). Flow speed
(m s _1 ) is indicated by color; equal-length vectors indicate flow direction Simulated
mean flow for the SO GLOBEC study area at the (B) surface and at the (C) depth of
the Circumpolar Deep Water (CDW) layer (200-500 m). Velocities in excess of 0.12 m
s _ 1 were assigned the same color to better resolve the lower flow speeds (<0.1 m s _1 )
over the continental shelf. Every third velocity vector was plotted (8 km resolution).
The land boundaries (thick solid line) and 500 m isobath are shown (thin solid line).
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Table 4
Details of the floats deployed on the wAP continental shelf in 2005. The initial and
final locations and release date are given for each float. The date of the last float
observation used in the comparisons between the observed and simulated floats is also
given.
Float
designationFigure
number
A50 - 7A-C
A48 - 7D-F
A65 - 8A-C
A49 - 8D-F

Initial
location

Final location

Release
time

D a t e of last
observation
used

67°46.4'°S,
69°58.2 /0 W
66°45.6'°S,
69° 14.4'° W
66°26.2'°S,
73°07.4/oW
67°07.1'°S,
71°29.0'°W

68°16.4'°S,
67°08.6'°W
68°13.2'°S,
71°32.8/GW
65°47.3'°S,
67°37.9'°W
67°44.7'°S,
71°45.8'°W

2005-01-24

2005-02-18

2005-01-21

2005-04-24

2005-01-29

2005-04-25

2005-01-27

2005-02-09

the ACC, which is aligned with the wAP continental shelf break (Orsi et al., 1995).
On-offshelf meanders occurred at several locations on the outer shelf along the path
of the ACC.
In the SO GLOBEC study region (Fig. 4B), the mean surface circulation associated with the ACC.turned onto the wAP shelf along the northern edge of Marguerite
Trough and flowed onshelf. Part of this flow continued onshelf towards Crystal Sound.
The other part of this flow continued south of Adelaide Island into Marguerite Bay
and became part of the cyclonic circulation of the Bay. The flow exited the Bay along
the eastern side of Alexander Island, where the velocity increased in magnitude. As
it moved offshore the flow meandered and joined the incoming flow, suggesting a cyclonic surface circulation in Marguerite Bay (Fig. 4B). The magnitude and pattern of
the simulated surface circulation in the Marguerite Bay area was generally consistent
with that produced from hydrographic observations and dynamic heights obtained
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during the 2001 SO GLOBEC field program (Klinck et al., 2004). The primary difference in the simulated and observed surface circulation was in the outward flow from
Marguerite Bay. Observations show merging of the outward flow at the western side
of Marguerite Bay with a dominant southerly flow over the continental shelf south
of the Bay. The simulated surface flow west of Marguerite Bay was dominated by a
slow northeasterly flow and by mesoscale circulation structures farther west. These
discrepancies may be attributed to differences in the space and time scales of the
processes, that the observations and the model represent, and to the climatological
nature of the forcing fields used with the circulation model.
The general pattern of the flow at the depth of the CDW (200-500 m) was similar to
the surface flow (Fig. 4C). The southern boundary of the ACC along the shelf break is
indicated by meanders and increased flow speeds. The flow at this depth also turned
onshore at the northern edge of Marguerite Trough. In general, the flow over the
continental shelf was slower and less organized than the flow at surface but there was
a clear cross-shelf flow via the deep depressions that cross the continental shelf, such
as off Adelaide Island (66°30'S, 69°W), Anvers Island (65°18'S, 67°W) and Alexander
Island (68°S, 73°42'W). The locations where the flow at this level moves onshore are
consistent with those identified in hydrographic distributions (Klinck et al., 2004)
and previous numerical circulation studies (Dinniman and Klinck, 2004). Over the
shelf, the mesoscale structure of the flow reflected the effect of the bathymetry, which
exerts strong control on the flow of this region (Dinniman and Klinck, 2004; Klinck
et al., 2004).

3.3.1.2

Temporal Decorrelation Scales

Temporal decorrelation scales for the east-west (u) and north-south (v) velocity
components were constructed for the flow at surface and at the depth of the CDW
(Fig. 5A-D). The decorrelation scales for the surface flow over most of the wAP
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Fig. 5. Temporal decorrelation scales (days) calculated for the simulated (A) eastwest component (it) of the surface flow, (B) north-south component (v) of the surface
flow, (C) east-west component (u) of the flow at the depth of the Circumpolar Deep
Water (CDW), and (D) north-south component (v) of the flow at the depth of the
CDW. Only decorrelation scales shorter than 8 days for the surface flow are shown
(A and B). The decorrelation scales were obtained for the velocity at each model
grid point using 1.7 years of simulated distributions. The confidence interval for the
decorrelation scales is 95%. The land boundaries (thick white line), the 500-m and
1000-m isobaths (thin white lines) are shown.
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continental shelf were short, between 2-4 days (Fig. 5A, B). This short decorrelation
scale is consistent with the scale of the wind stress, which is dominated by synoptic
variability at 3 to 6 days (Trenberth, 1991; Bromwich and Stearns, 1993).
Longer decorrelation scales for the u and v components of the surface velocity of
about 30 to 40 days were found along the southern part of Marguerite Bay (not shown
using present color-scale), which is influenced by outflow from the George VI Sound
and George VI Ice Shelf (GVIIS). The outflow of freshwater from basal melting of the
GVIIS may result in surface stratification that stabilizes the flow in the southern part
of Marguerite Bay (Potter and Paren, 1985). Also the maximum decorrelation scale
was consistent with the seasonal influx of the fresh water produced by the retreat and
melting of sea ice, which may enhance stratification in southern Marguerite Bay.
Temporal scales for the flow below the permanent pycnocline (Fig. 5C, D) were
similar to those estimated for the surface flow offshore of the shelf break. However,
over the continental shelf, the temporal decorrelation scales of the deeper flow were
more variable than those of the surface flow. Flow decorrelation scales around the
depressions that intersect the wAP continental shelf were 30 to 60 days (Fig. 5C, D).
In particular, both components of the flow showed decorrelation scales of 30 to 50 days
along the extent of Marguerite Trough and into Marguerite Bay. At other locations,
such as off Adelaide Island, Anvers Island and the southern side of Alexander Island,
the decorrelation scales for the u and v velocity components varied between 40 to 60
days. This temporal scale of variability is consistent with 5-6 CDW intrusions per
year (Klinck et a l , 2004).
The decorrelation scales associated with the flow in the biological hot spots were
variable. The surface flow in all three regions had scales of 2-3 days (Fig. 6A, B),
similar to those associated with the surface flow over the continental shelf (Fig. 5A,
B). At the depth of the CDW, the mean temporal decorrelation scales were 5-7 days
(Fig. 6C, D), and the east-west (u) component of the flow was more coherent (Fig.
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Fig. 6. Mean autocorrelation functions calculated for the simulated (A) east-west
component (u) of the surface flow, (B) north-south component (v) of the surface flow,
(C) east-west component (u) of the flow at the depth of the Circumpolar Deep Water
(CDW), and (D) north-south component (v) of the flow at the depth of the CDW
(200-500 m) for the three biological hot spot regions; Crystal Sound (CS), Alexander
Island (Al) and Laubeuf Fjord (LF). The 95% confidence intervals are shown by the
solid lines.
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6C).
3.3.1.3

Evaluation of Simulated Floats

The accuracy of the simulated float trajectory pathways and time scales of flow
was evaluated by comparison with trajectories from the drifters deployed on the wAP.
Two of the WOCE-style drifters were deployed near Adelaide Island (Fig. 7). The
drifter deployed near the entrance to Marguerite Bay (Fig. 7A-C) entered the Bay,
moved southward, and after 27 days ended its trajectory in the near shore portion
of the Bay (Fig. 7A-C). A part of the array of simulated drifters followed a similar
pathway for the three days over which these were released. The trajectories of some
the simulated floats also ended in the nearshore region between 23 to 27 days after
release (Fig. 7C).
The simulated floats released off the northwest side of Adelaide Island followed
trajectories that differed from those of the WOCE-style drifter (Fig. 7D-F). During
the first 5 days, the observed and simulated floats remained near the area of release,
after which the pathways diverged. The WOCE-style drifter moved along Adelaide
Island and turned inside Marguerite Bay, following the path of the Antarctic Peninsula
Coastal Current. The simulated floats moved northeastward along the shelf, and
some entered Crystal Sound, and eventually moved south along the inner shelf into
Marguerite Bay through Laubeuf Fjord (Fig. 7F).
One WOCE-style drifter was deployed off the shelf break. The observed and
simulated drifters (Fig. 8A-C), showed similar pathways, moving to the northeast
with the ACC, but the simulated floats showed more mesoscale variability. After 40
days, the pathways of the observed and simulated drifters diverged. The observed
drifter turned onshore and continued southwest along the shelf. The simulated floats
continued along the path of the ACC moving to northeast along the shelf break (Fig.
8A-C). The WOCE-style drifter released in the mid-shelf west of Marguerite Trough
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Longitude (°W)

Fig. 7. Comparison of simulated drifter trajectories (light gray lines) with trajectories obtained from two WOCE-style drifters (black lines) deployed on the western
Antarctic Peninsula region from 24 January 2005 to 18 February 2005 (A-C) and 21
January 2005 to 24 April 2005 (D-F). The release point for the observed drifters is at
the center of the array (black dots, 17 points) used for the release points of the simulated drifters. The simulated drifters were tracked for the same time as the observed
drifters. The simulated drifters were released 2 days before (A and D), the same day
(B and E), and 2 days after (C and D) the release day of the observed drifter. The
500, 1000, 1500, 2000, 2500 and 3000-m isobaths are shown (light gray lines).
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Fig. 8. Comparison of simulated drifter trajectories (light gray lines) with trajectories obtained from two WOCE-style drifters (black lines) deployed on the western
Antarctic Peninsula region from 29 January 2005 to 25 April 2005 (A-C) and 27 January 2005 to 09 February 2005 (D-F). The release point for the observed drifters is at
the center of the array (black dots, 17 points) used for the release points of the simulated drifters. (The simulated floats were tracked for the same time as the observed
drifters. The simulated floats were released 2 days before (A and D), the same day
(B and E), and 2 days after (C and D) the release day of the observed drifter. The
500, 1000, 1500, 2000, 2500 and 3000-m isobaths are shown (light gray lines).
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provided data for only 14 days (Table 4). The trajectories of the array of simulated
floats during this period were similar to the observed pathways (Fig. 8D-F). After
release the observed drifter moved more south than west relative to the simulated
drifters.
The comparisons of observed and simulated drifter trajectories indicated that
the wAP simulated flow fields resolve the spatial and temporal scales of variability.
Discrepancies in the comparisons likely result from differences in wind forcing, sea
ice conditions, coastal fresh water flux and location of the ACC that result from
the forcing fields and climatologies used as input to the circulation model. Thus,
the Lagrangian experiments provide realistic estimates of transport pathways and
residence times for the wAP continental shelf.

3.3.2

Transport pathways and residence times

3.3.2.1

Pathways

The ACC and CDW intrusions dominated the wAP continental shelf simulated
circulation distributions. Thus, the first set of Lagrangian particle tracking experiments was focused in areas where these flows occurred. Particles were released along
across-shelf transects that crossed CDW intrusion sites at the outer shelf (Fig. 2,
Table 2).
Particles released along the shelf break between 250 m and 500 m, depths that
correspond to CDW, were transported to the northeast with the prevailing flow of
the ACC (Fig. 9). Mesoscale meanders in the flow retained many of the particles
offshore of the shelf break, but the particles eventually continued northeastward along
the outer shelf. Floats released at 350 m and below (Fig. 9C-F) showed more transport onto the continental shelf than those released at shallower depths. The release
depth of the deeper floats corresponded to the core of CDW, which lies between
300-500 m along the wAP continental shelf edge (Klinck, 1998; Klinck et al., 2004).
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Fig. 9. Trajectories of the simulated floats (black lines) released along the western
Antarctic Peninsula shelf break within the CDW layer depth, at (A) 250 m, (B)
300 m, (C) 350 m, (D) 400 m, (E) 450 m, and (F) 500 m. The simulated floats
were tracked for approximately 1 year. The release point for the individual floats is
indicated (*). The bottom bathymetry (500, 1000, 2000, 3000, and 4000 m) is shown
by the light gray lines.
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Three locations were identified as persistent sites for onshelf movement of floats. The
primary site was Marguerite Trough where onshelf movement of floats occurred at
400 m (Fig. 9D), and increased with increasing depth (Fig. 9E, F). Transport pathways for the floats moving onshelf were either along Marguerite Trough or along the
depression northeast of Adelaide Island that extends towards Crystal Sound, where
some floats ended their trajectory (Fig. 9E). Some floats moved northward along this
depression towards Renaud Island (Fig. 9E, F).
Onshelf movement of floats also occurred south of Alexander Island and north of
Marguerite Bay between Anvers and Renaud Islands. These locations were identified
as regions of CDW intrusions (Dinniman and Klinck, 2004) and enhanced biological
production (Prezelin et al., 2000). Based on the simulated float trajectories, these
three sites provide CDW to the inner shelf areas of Crystal Sound and the northern
side of Marguerite Bay, the observed biological hot spot regions.
The role of circulation in producing the biological hot spots was explored by
tracking the origin of particles that were transported into the regions. Crystal Sound,
the northern-most region, received inputs from sites along the shelf break (Fig. 10A).
A large percentage of particles that moved into Crystal Sound came from regions to
the west that were aligned along the shelf break and showed transport time scales of
117-127 days (Table 5). Particles moved to the northeast along the shelf and the shelf
break, and all moved onto the shelf through the same area defined by the intersection
of the shelf break with Marguerite Trough (Fig. 10A). Crystal Sound also received
inputs from Marguerite Trough and the region offshore and west of Alexander Island.
Over 40% of the particles released around Marguerite Trough, along the shelf break
off Alexander Island, and over the shelf off Alexander Island reached Crystal Sound
(Fig. 10D). Crystal Sound also received inputs from many sources located farther
west of Marguerite Bay (about 20-40%, Fig. 10D), with much of the wAP shelf
region southwest of the Bay providing a particle source. The movement of these
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Fig. 10. Trajectories of simulated floats (dark gray lines) that enter the (A) Crystal
Sound (CS), (B) Alexander Island (Al), and (C) Laubeuf Fjord (LF) hot spot regions (indicated by filled square). Only the trajectories that originated in areas with
contributions to the hot spots greater than 20% are shown. The distribution of the
source regions and associated percentage of particles that were provided to (D) Crystal Sound, (E) Alexander Island, and (F) Laubeuf Fjord are shown. The simulated
floats were released at 300 m at 10-day intervals for 60 days in a grid of transects that
extended across the continental shelf break (shown in Figure 2). The release point of
the simulated drifters is indicated (•). The bottom bathymetry is shown by the light
gray lines.
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particles onto the wAP shelf is primarily through Marguerite Trough (Fig. 10A).
The Alexander Island hot spot region received inputs from the continental shelf
area to the west and south of Marguerite Bay (Fig. 10B). The highest inputs (between
80-100%) characterized by short time scales (Table 5) were from the nearby shelf
region (Fig. 10E), with lesser inputs originating from the continental shelf southwest
of the area (20-40%) and time scales of 191 days (Table 5).
Laubeuf Fjord received inputs primarily from areas along Marguerite Trough and
the local continental shelf around Marguerite Bay (Fig. 10C). Between 20-60% of the
particles initialized in Marguerite Trough and about 20-40% of the particles released
from some sites over the continental shelf moved into Laubeuf Fjord (Fig. 10F). The
mean transport time scale of particles initialized in Marguerite Trough that reached
Laubeuf Fjord is 115 days (Table 5).
A series of particle tracking simulations using a more highly resolved spatial initialization was done to provide comparisons with the above patterns. The release
sites were homogeneously distributed along the shelf break, the slope and over the
continental shelf. The input sources for the biological hot spots were similar to those
obtained in the previous simulations (Fig. 11). Crystal Sound inputs (Fig. 11 A)
were primarily from locations around Marguerite Trough (more than 80% of floats),
and over 60% of floats entering Crystal Sound were from sites over the continental
shelf southwest of Marguerite Trough (Fig. 11D). Particles released west and along
Marguerite Trough, moved along the northern flank of the Trough. The transport
time scales for particles originated farther west (mostly 40-80% of floats) were 206322 days (Table 5). Input sources for Alexander Island (Fig. 11B) were primarily
from the surrounding continental shelf (Fig. HE), with mean transport time scales
of 150 days (Table 5) and smaller (20-40%) inputs from the mid-shelf area. No source
areas were identified along the inner section of Marguerite Trough. The regions providing the largest inputs to Laubeuf Fjord were near Marguerite Trough (Fig. 11F).
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Fig. 11. Trajectories of simulated floats (dark gray lines) that enter the (A) Crystal
Sound (CS), (B) Alexander Island (Al), and (C) Laubeuf Fjord (LF) hot spot regions (indicated by filled square). Only the trajectories that originated in areas with
contributions to the hot spots greater than 40% are shown. The distribution of the
source regions and associated percentage of particles that were provided to (D) Crystal Sound, (E) Alexander Island, and (F) Laubeuf Fjord are shown. The simulated
floats were released at 300 m at 10-day intervals for 100 days in a high-resolution
grid of transects that extended across the continental shelf break (light gray dots in
panels D-F). The release point of the simulated drifters is indicated (•). The bottom
bathymetry is shown by the light gray lines.
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Table 5
Mean transport time scales of the particles reaching the hot spots (Crystal Sound-CS,
Alexander Island-AI and Laubeuf Fjord-LF) for the coarse and fine grid simulations.
Only the trajectories that originated in areas with contributions to the hot spots
greater than 40% are shown. The average for all the transport time scales to hot spot
regions is given. No input of particles to the hot spots is indicated by NI.

Hot spot

CS

Al

LF

Hot spot

CS

Al

LF
Mean

Coarse Grid
Contribution (%)
40-60
60-80
80-100
40-60
60-80
80-100
40-60
60-80
80-100
Fine Grid
Contribution (%)
40-60
60-80
80-100
40-60
60-80
80-100
40-60
60-80
80-100
All

Transport time
scales (days)
117
127
NI
191
NI
23
115
NI
NI
Transport time
scales (days)
206
322
52
150
NI
NI
235
NI
NI
154

About 40-60% of the floats released in this region reached this hot spot through a
pathway defined by the inner limb of the shelf break and Marguerite Trough (Fig.
11C). The mean transport time scales averaged 235 days (Table 5). Overall, many of
the outer shelf particles released to the southwest of Marguerite Trough contributed
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significantly to the three hot spot regions. The mean transport time scale for inputs to biological hot spots was 154 days. Transport pathways to Crystal Sound and
Laubeuf Fjord were similar, with across-shelf transport of particles occurring only in
Marguerite Trough. For inputs to the Alexander Island hot spot region, across-shelf
transport of particles was from the wAP to the west, and also through Marguerite
Trough via the cyclonic circulation of Marguerite Bay.
3.3.2.2

Residence times

The residence times of particles in the three biological hot spots was estimated by
calculating the fraction of particles (Eq. 7) leaving the hot spots in a specified time
interval (Table 6).

Table 6
Estimated residence times (r) in days for the Alexander Island (Al), Crystal Sound
(CS) and Laubeuf Fjord (LF) hot spot regions at several depths for winter and
summer particle releases. The residence time at each depth was calculated from the
fraction of particles that remained within the hot spot area when the number of
particles was reduced to a specified percentage of the initial number of particles that
were released (see equation 7 and Fig. 3). The number of days that elapsed to reach
this fraction is a measure of the residence time. The elapsed time was calculated
by fitting an exponential decay model (equation 7) to the fraction of particles that
remained at a given elapsed time. The decay coefficient (A) and the correlation
coefficient (R2) obtained for each residence time calculation is shown. The average
summer and winter residence time for each hot spot region is given.
Region

Depth (m)
0
50

r (days)
Summer
10.20
30.49

A (days - 1 )

R2

O05
0.02

aso
0.60
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Table 6
Region

CS

Al

LF

Region

CS

Al

Continued
Depth (m)
100
150
200
250
300
Mean
0
50
100
150
200
250
300
Mean
0
50
100
150
200
250
300
Mean
Depth (m)
0
50
100
150
200
250
300
Mean
0
50
100
150
200
250
300
Mean

T (days)

A (days- 1 )

R2

26.74
16.23
13.59
15.34
13.89
18.07
6.12
9.71
15.02
19.76
18.94
27.47
38.46
19.35
16.72
26.04
20.83
18.45
31.06
46.30
56.82
30.89
(r days)
Winter
16.56
15.77
20.75
43.48
37.88
33.78
22.12
27.19
8.88
9.31
23.92
15.92
11.66
26.18
29.94
17.97
6.27

0.02
0.03
0.04
0.03
0.04

0.71
0.49
0.45
0.56
0.59

0.08
0.05
0.03
0.03
0.03
0.02
0.01

0.72
0.88
0.96
0.95
0.94
0.90
0.97

0.03
0.02
0.02
0.03
0.02
0.01
0.01

0.92
0.71
0.66
0.93
0.97
0.95
0.85

(A days" 1 )

R2

0.03
0.03
0.02
0.01
0.01
0.01
0.02

0.56
0.63
0.56
-0.75
0.35
-0.49
-0.73

0.06
0.05
0.02
0.03
0.04
0.02
0.02

0.84
0.73
0.59
0.93
0.93
0.85
0.75

0.08

0.93
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Table 6
Region

LF

Continued
Depth (m)

r (days)

A (days" 1 )

R2

50
100
150
200
250
300
Mean

12.95
15.24
23.59
48.08
74.63
64.94
35.10

0.04
0.03
0.02
0.01
0.01
0.01

0.89
0.97
0.91
0.93
0.75
0.93

Mean residence times were calculated for all the depths (0-300 m) used for particle
releases. The particles released in winter were tracked for approximately 1.3 years
and those released during the summer were tracked for 1 year to determine if there is
a seasonal bias in the residence time estimates. No significant difference was obtained
for the estimated summer and winter mean residence times (Table 7). Laubeuf Fjord

Table 7
Results from the t-test conducted to compare summer and winter mean residence
times for the biological hot spot regions. The values of t and p for 12 degrees of
freedom and confidence interval of 95% are given.
Hot spot region
Crystal Sound
Alexander Island
Laubeuf Fjord

£(12)
1.796
0.262
0.356

p < 0.05
208
2.18
2.18

had the longest residence times of 31 days during summer and 35 days during winter
(Table 6). This area is constrained to the north by bathymetry, by Adelaide Island
to the west, and by the Antarctic Continent to the east. The cyclonic circulation
in Marguerite Bay advects the particles from this region southward along the coast,
with limited dispersion into Marguerite Bay proper (Fig. 12A, 13 ).
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Fig. 12. Distribution of particles as a function of the surface (0-m release) residence
time for the Alexander Island (Al), Crystal Sound (CS) and Laubeuf Fjord (LF)
biological hot spot regions (indicated by box). Particles were released at 0-m (black
dots) and 300-m (gray dots) in the (A) summer and (B) winter. The residence time
for the surface particles and fraction of particles remaining within the source region
at 300-m are shown for the summer and winter releases (inset tables).
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The residence time in Crystal Sound was between 18-27 days, which is larger than
the time scales of the synoptic wind forcing (Trenberth, 1991; Bromwich and Stearns,
1993). Despite a shorter residence time compared with Laubeuf Fjord, Crystal Sound
was a retentive site. After one year of simulation, a small percentage (10-18%) of the
particles remained in the area (Table 8). This percentage was consistent for summer
and winter particle releases in Crystal Sound. In contrast, about 4% of the particles
were retained in Laubeuf Fjord and none were retained for the Alexander Island region. Analysis of the origin of the particles remaining in Crystal Sound indicated that
these were primarily from releases below 200 m (Table 8). These floats were retained
between the bathymetric features northeast of Adelaide Island and the islands south
of Lavoisier Island (Fig. 12, see Fig. 1 for Lavoisier Island location). The Crystal
Sound and Laubeuf Fjord hot spot regions have similar bathymetric characteristics.
Both sites are partially surrounded by land, are not directly exposed to the general
circulation of the continental shelf, and are located close to deep depressions. Bathymetric features, such as depressions, may favor longer residence times by trapping
the particles and/or creating local retention gyres. Retention of the particles was
higher for the 300-m floats (Fig. 12), relative to the surface floats. A larger fraction
of the deeper particles (0.35-0.98) remained within the hot spot regions relative to
the surface particles (Fig. 12).
The Alexander Island hot spot region received inputs primarily from the adjacent
shelf area and residence times averaged 18 days during winter and 19 days in summer (Table 6). The Alexander Island hot spot region has no obvious bathymetric
constraint and is more open to the effects of the shelf circulation. Both may favor
shorter particle residence times. A large portion of the particles that exited this hot
spot were dispersed north along Marguerite Trough (Fig. 13A), but a portion of the
particles moved southward (Fig. 13B).
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Table 8
Percentage of the particles that remained within the Alexander Island (Al), Crystal
Sound (CS) and Laubeuf Fjord (LF) hot spot regions at specific release depths after
1 year of simulation for the winter and summer numerical Lagrangian experiments.
Hot spot
Winter
Al
CS
LF
Summer
Al
CS
LF

3.4

Depth
100 m 150 m

0 m

50 m

0.0
8.2
2.0

0.0
10.2
4.1

0.0
8.2
4.1

0.0
8.2
2.0

0.0
8.2
2.0

0.0
10.2
4.1

200 m

250 m

300 m

0.0
8.2
4.1

0.0
10.2
4.1

0.0
14.3
4.1

0.0
18.4
4.1

0.0
8.2
2.0

0.0
10.2
2.0

0.0
12.2
2.0

0.0
8.2
4.1

DISCUSSION A N D SUMMARY

3.4.1

Flow characteristics in hot spot regions

The simulated circulation fields showed the importance of the ACC to the wAP
continental shelf circulation. The shelf circulation is bounded by the northeastwardly
flowing ACC (Klinck, 1998; Klinck et al., 2004; Dinniman and Klinck, 2004) and
interaction of this current with the rugged bathymetry of the outer shelf sets up
conditions that produce onshelf intrusions of CDW (Dinniman and Klinck, 2004).
The onshelf intrusion sites were apparent in the simulated flow fields, with Marguerite
Trough a primary site. The long temporal decorrelation scales of the flow at the
intrusion sites indicated the persistence of these features. The permanence of the
intrusion sites provides dependable movement of heat, salt, nutrients, and planktonic
organisms from the outer to the inner shelf. Crystal Sound is located at the terminus
of one of the branches of Marguerite Trough and, as a result, receives continual inputs
from the outer and middle parts of the wAP continental shelf.

59
65

(A) Summer

66

• Om
100 m
• 250 m

£67

65

(B) Winter
• Om
* 100 m
• 250 m

C

67

68

68

69 -

69

72

70

68

66

Longitude (°W)

Fig. 13. Dispersion of simulated particles released at three depths in the three hot
spot regions (indicated by the box), Alexander Island (Al), Crystal Sound (CS), and
Laubeuf Fjord (LF), 50 days after release in the (A) summer and (B) winter.

The large-scale flow over the wAP shelf is generally cyclonic (Stein, 1992; Smith
et al., 1999; Klinck et al., 2004) in which are embedded smaller-scale cyclonic gyres.
A schematic of the wAP surface horizontal circulation (Hofmann et al., 1996) constructed from hydrographic observations that took place during the BIOMASS Program (Stein, 1981, 1983, 1986) and the dynamic height fields constructed from observations during the Second International BIOMASS Experiment (Stein, 1992) indicated two cyclonic gyres over the wAP shelf; one off Anvers Island and one near
Adelaide Island. The annual mean simulated surface circulation reproduced the main
dynamic features in the schematic circulation. However, the simulated patterns reveal small-scale important features of the shelf circulation. One such feature occurs
off Adelaide Island, where the flow follows two pathways; one defined by the northern
side of Marguerite Trough and a second that follows the bathymetric depression that
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extends towards Renaud Island. The across-shelf velocities along the northern flank
of Marguerite Trough of 0.04-0.06 m s _ 1 agree with velocity estimates of 0.05 m s _ 1
made from analysis of ADCP transects made on the wAP since 1997 (Savidge and
Amft, 2009). The onshore flow associated with Marguerite Trough and the smaller
cyclonic gyre over the adjacent shelf to the north combine to produce a retention
region in the Crystal Sound area. The residence times of 18-27 days and the high
retention of particles (up to 18%) after one year of simulation, estimated for this
region, are consistent with a retention region.
The simulated onshelf flow along Marguerite Trough continues into Marguerite
Bay and reaches George VI Sound in the southern part of the Bay, as observed
(Dorland and Zhou, 2008). Surface flow in the northern part of Marguerite Bay is
cyclonic and is continuous with that over the wAP shelf. The flow in the region
near Laubeuf Fjord was characterized by long decorrelation scales and inputs to this
area tended to be from the local region. The lack of exchange between this region
and the rest of Marguerite Bay and long particle residence times suggest that it is a
retention area. The area off Alexander Island is influenced by flow out of Marguerite
Bay along the southern flank of Marguerite Trough in George VI Sound (Potter and
Paren, 1985; Dorland and Zhou, 2008). The northeasterly flowing shelf currents along
the middle shelf off of Alexander Island turn across the wAP shelf along the southern
flank of Marguerite Trough south of the hot spot off Alexander Island. The simulated
circulation fields showed seaward flow with surface velocities less than 0.05 m s _ 1 in
this region. The direction and magnitude of the simulated flow agrees with estimates
made from ADCP data (Savidge and Amft, 2009). The intersection of the outward
flow from Marguerite Bay with the offshelf-turning flow, combined with the small
velocities, may contribute to formation of a retention area off Alexander Island.
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3.4.2

Particle transport pathways and residence times

Lagrangian particle tracking experiments have been used to estimate advective
transport pathways and transit times for planktonic organisms in a range of marine
environments (e.g. Capella et al., 1992; Werner et al., 1993; Carlotti and Wolf, 1998;
Hofmann et al., 1998; Miller et al., 1998; Batchelder et al., 2002; Thorpe et al., 2004;
Murphy et al., 2004; Thorpe et al., 2007). A general result from these studies is that
particle transport and distributions are strongly controlled by circulation. Moreover,
structures associated with the circulation, such as fronts and eddies are important in
determining local patterns of dispersion and/or retention of particles (e.g. Werner
et a l , 1996.
The transport patterns and residence times estimated for the wAP region showed
that the circulation over the wAP continental shelf is important in producing areas
where particles are preferentially retained. Crystal Sound and Laubeuf Fjord retain
particles for over a year (e.g. Table 8). Particle retention in the Alexander Island
hot spot is shorter. The circulation dynamics contributing to these retention regions
differ, which results in different estimated residence times. The variable residence
times potentially affect the structure of the local food web. Net samples from the
austral fall and winter showed that the zooplankton biomass in the Laubeuf Fjord
region was dominated by krill between 50 and 100 m (Ashjian et al., 2004). This
site was the only one of those sampled with nets that showed krill to be the biomass
dominant. This area also showed some of the highest backscattering returns, which
are related to zooplankton abundance, from acoustic surveys made during the SO
GLOBEC field studies (Lawson et al., 2004). Similar high backscattering returns
were observed in the Alexander Island hot spot region (Lawson et al., 2004).
Zhou et al. (2004) combined acoustic backscattering with in situ observations
(Optical Plankton Counter and nets) made during the SO GLOBEC field studies to
estimate growth and removal rates for zooplankton biomass. These estimated rates

62

provide a time scale of about 20 days for local growth of the mesozooplankton populations. The winter residence times estimated for the Laubeuf Fjord and Crystal
Sound regions are longer than this time scale, which suggest that these hot spot regions may be produced by the combination of biological as well as physical processes.
The values estimated by Zhou et al. (2004) were for the austral winter. Equivalent
values for the austral summer may be shorter, because of higher overall productivity
during this time. Thus, the relative contribution to the hot spot regions from biological processes may be higher at this time. An analysis of net-derived zooplankton
distributions along the wAP (Marrari et al., 2011) showed large differences in the
zooplankton assemblages in the three hot spot regions. For the Laubeuf Fjord and
Alexander Island regions, Thysanoessa macrura accounted for almost 100% of the
krill biomass; whereas, in Crystal Sound, Antarctic krill accounted for about 50% of
the krill biomass. The mesozooplankton composition in the three hot spot regions
included many of the same species, but differences in relative abundance between the
regions and between seasons within regions occurred (Marrari et al., 2011). The hot
spot regions include different suites of predators (Section III.2.4), which have different diets. The differences in the type and amount of krill and relative abundance of
the mesozooplankton available in the three hot spot regions may contribute to the
selection of these predators. For example, the Crystal Sound region was dominated
by crabeater seals, which are Antarctic krill predators (Burns et al., 2004) and these
predators were not found in regions were this prey was not abundant. However, attributing cause and effect is difficult, because of the lack of diet information for the
predators that were concurrent with the zooplankton observations.
Analysis of the trajectories of particles at a range of depths (surface to 500 m)
showed that each wAP hot spot received inputs via the advective circulation from
differing source regions. Crystal Sound received particle contributions from higher
latitude regions of the Bellingshausen Sea, as well as from the adjacent wAP shelf.
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Laubeuf Fjord received particles from Marguerite Bay and the local wAP shelf region
and Alexander Island received inputs primarily from the adjacent shelf region. The
circulation in each hot spot region is largely controlled by factors that are persistent
over time, such as bathymetry, outflow from the GVIIS, and the prevailing wind
patterns.

Thus, the circulation structure that provides these inputs is relatively

constant over the year. The persistence of the circulation maintains conditions that
provide a dependable planktonic prey supply for the hot spot predator assemblages.
Variability in biological production of these regions is likely controlled by the strength
of the circulation and the particular source regions, which will affect the rate and type
of input, respectively.
The particle trajectories indicated limited exchange between the hot spot regions
for the time encompassed by the simulations, suggesting that these regions are relatively isolated. An implication of this result is that much of the biological production
of the wAP occurs in small localized areas that support different food web structures.
3.4.3

Relationship to predators

The effect of local and regional retention and aggregation as a result of circulation
on top predator assemblages has been studied in several environments. In the southeastern Gulf of Maine, the abundance and proportion of older Calanus life stages
advected into the region correlated with right whale (Eubalaena glacialis) occurrence
(Wishner et al., 1995). Observations from the Ross Sea show that seabirds occurred
in large numbers along the Antarctic Slope Front, presumably feeding on prey that
was aggregated by the frontal circulation (Ainley and Jacobs, 1981). Subsequent
observations indicated that oceanic fronts influenced seabird distributions the most,
both for species that tend to stay in the sea ice and those that prefer ice free waters
(Ainley et al., 1998).
The Lagrangian simulations show that the circulation of the wAP continental shelf
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transports particles to the predator hot spot regions. However, predator abundance
and composition in the hot spots depends on the volume, type, and quality of prey
transported to these regions. Marrari et al. (2008) suggested that changes in chlorophyll (food) concentrations in the Bellingshausen Sea, which is west and south of the
wAP region, affect the productivity and growth of zooplankton, especially Antarctic
krill, on the wAP. The simulated drifters show inputs to the wAP from regions to
the west and south with mean time scales of 154 days (e.g. Table 6), which are consistent with the time required for development of Antarctic krill from an embryo to
late stages of Furcilia (Ikeda, 1984; Hofmann and Lascara, 2000; Daly, 2004). Thus,
although the hot spot regions receive inputs from different regions, each region is
still connected to the larger region via the circulation of the ACC. Hence, each region maintains a connection and is influenced by processes produced by larger scale
variability.
Alternative pathways in the wAP food web (e.g. reduced presence of Antarctic
krill and increased copepod abundance) may provide a diet that can sustain predator
assemblages in the short term, but if these conditions persist the result may be a
change in the abundance and type of resident predator assemblages in the hot spot
regions. A system in which viable prey conditions are restricted to limited regions
that are imposed by the circulation field is perhaps more sensitive to climate-induced
changes in circulation and prey growth than one with broadly distributed predatorfavorable conditions. Thus, the wAP ecosystem merits further monitoring, especially
during the rapid changes that are now occurring in regional atmospheric, ocean, and
sea ice conditions (e.g. Meredith and King, 2005; Clarke et al., 2007).
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CHAPTER 4
MODELING T H E R E M O T E AND LOCAL
C O N N E C T I V I T Y OF ANTARCTIC KRILL

(Euphausia

superba) POPULATIONS ALONG T H E W E S T E R N
ANTARCTIC PENINSULA
4.1

INTRODUCTION
The wAP region of the Antarctic supports large and persistent populations of

Antarctic krill (Marr, 1962; Huntley et al., 1991; El-Sayed, 1994; Atkinson et al.,
2004). However, the biomass of Antarctic krill over this shelf undergoes seasonal
variations in horizontal and vertical distributions (Siegel, 1988; Siegel et al., 1997,
1998; Lascara et al., 1999). Acoustic observations showed that in austral summer,
krill occurred throughout the wAP shelf region and were concentrated in the upper
50 m (Lascara et al., 1999). Winter distributions were characterized by reduced
presence over the mid and outer shelf, high concentrations in the inner shelf, and
large aggregations below 100 m (Lascara et al., 1999).
The net and acoustic measurements that were made as part of the U.S. SO
GLOBEC field studies have refined the understanding of fall and winter patterns
of krill distribution over the wAP continental shelf. Multi-frequency acoustic surveys
(Lawson et al., 2008b) showed that fall-winter distributions of Antarctic krill were
characterized by small, closely spaced aggregations, interspersed with large aggregations that accounted for the majority of the biomass (Lawson et al., 2008a). These
aggregations were mostly located along the inner shelf (Lawson et al., 2008b). Zooplankton distributions obtained from video plankton recorder observations (Ashjian
et al., 2008) and net tows (Daly, 2004; Ashjian et a l , 2004; Wiebe et al., 2011) showed
that larval krill were present over the SO GLOBEC study region. However, there was
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an across-shelf gradient in krill stage and relative abundance. Larval krill (C2-F2, F4F5) were most abundant along the outer shelf and calyptopis and early furcilia stages
were more abundant on the shelf. An implication of these observations is that the
wAP region supports local retention of krill and/or this region receives a continuous
supply of krill from other areas. The former implies that the wAP provides a habitat
that supports successful reproduction, recruitment, and retention of Antarctic krill.
The latter implies connectivity of the wAP via the circulation to other regions that
support Antarctic krill populations.
Evidence for local reproduction, recruitment, and subsequent retention of krill
on the wAP is provided by length frequency analysis of the krill in diets of Adelie
penguins. Diet samples collected from wAP Adelie penguins showed a systematic
increase in krill size that is consistent with the progression of identifiable cohorts
through the population with a 4-5 year periodicity (Fraser and Hofmann, 2003).
This led to the hypothesis that the local circulation maintains the krill population
in restricted regions of the wAP continental shelf. This is consistent with circulation
distributions derived from hydrographic observations (Stein, 1992; Smith et al., 1999;
Klinck et al., 2004) and numerical circulation models (Dinniman and Klinck, 2004)
that show closed gyres over the wAP.
In contrast, recent studies have linked recruitment of krill on the wAP with inputs
from upstream regions in the western Bellingshausen Sea. Observations of the vertical
abundance of Antarctic krill obtained from net tows made as part of the U.S. SO
GLOBEC field studies in the fall and winter of 2001 and 2002 provided detailed
information about the horizontal and vertical distribution of the dominant modes
of Antarctic krill larvae. The younger krill stages (C2, F l ) were found primarily
along the shelf break off Marguerite Bay near the offshore end of Marguerite Trough
and older krill life stages were dominant on the shelf (Daly, 2004). The German SO
GLOBEC survey in the wAP region that occurred in April 2001 just prior to the
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U.S. field study, also showed higher abundances of krill larvae over the shelf break
and slope offshore of Marguerite Bay (Pakhomov et al., 2004). These distributions
suggested that the younger krill stages were transported to the wAP region via the
currents associated with the ACC which flows along the outer shelf.
In a follow-on study, Marrari et al. (2008) suggested a connection between the
region of high chlorophyll a (>10 mg chl m~3) concentration observed in the Bellingshausen Sea during the summer of 2001, prior to the 2001 fall SO GLOBEC field
studies, and the high abundance (~15 ind m~3) of krill larvae offshore of Marguerite
Bay. If the high chlorophyll a region is coincident with a krill spawning area, then
embryos originating in this area could provide krill to the outer wAP continental shelf.
Marrari et al. (2008) estimated that normal developmental times over the summer
and fall (~3 months) and a transport velocity of 0.1 m s - 1 (characteristic of ACC
speeds) would result in the arrival of krill larvae at the wAP outer shelf by fall.
The objectives of this study were to investigate the influence of the circulation
in supporting local and remote inputs of krill to the wAP continental shelf and to
provide an analysis of the relative contribution of each mechanism to structuring and
maintaining Antarctic krill populations of this region. To address these objectives,
numerical Lagrangian tracking experiments were done in a region that extends from
the western Bellingshausen Sea to the tip of the Antarctic Peninsula (Fig. 14). The
following section describes the series of particle tracking experiments used in the
study. The results are presented next and these focus on the influence of inputs from
Bellingshausen Sea (remote connectivity), the role of Marguerite Trough as a conduit
for transport of larvae onto the wAP shelf, and local retention of krill. The discussion
and summary provides a comparison of the numerical results to observations and
other modeling studies of krill distribution along the wAP and Scotia Sea region.
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4.2

METHODS

4.2.1

Model Implementation

Lagrangian tracking experiments were used to simulate the passive transport of
Euphausia superba larvae along the wAP. The Rutgers/UCLA Regional Ocean Modeling System (ROMS) version 3.0 (see Chapter III for details of the model configuration), implemented for the wAP region (Fig. 1A) provided the circulation distributions for the Lagrangian tracking simulations. The model domain covers the
continental shelf region in and around Marguerite Bay, has a 4-km horizontal resolution, and is composed of 24 vertical sigma-layers that concentrate toward the surface
and the bottom, allowing a better resolution in nearshore areas. The model is forced
by surface fluxes such as heat, momentum (wind stress), and freshwater, and is dynamically forced by the ACC that flows along the wAP shelf break. The circulation
model includes a dynamic sea-ice model (Budgell, 2005) and thermodynamically active ice shelves (Dinniman et al., 2007).

4.2.2

Lagrangian simulations

Three sets of numerical Lagrangian experiments were conducted to determine
the role of ocean circulation on the connectivity of Antarctic krill populations along
the wAP (Fig. 14, Table 9).

The first set of experiments was designed to test

the potential for krill embryos spawned in the Bellingshausen Sea to reach the wAP
continental shelf. Particles were released in the simulated circulation fields along
four transects (83°W, 85°W, 89°W and 92°W) that extended seaward across the shelf
break (Fig. 14). The release locations coincided with the observed high chlorophyll
a concentrations (Marrari et al., 2008), and encompassed the region suggested to be
the source area for the krill larvae observed offshore of Marguerite Bay (Daly, 2004).
Particles were released at 25 to 50-m intervals over depths of 0-350 m at 10-day
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Fig. 14. Map of the study area showing the release locations for the Lagrangian
particle experiments in the Bellingshausen Sea (across-shelf transects, black dots),
along the shelf-break (light gray dots), Marguerite Trough (unfilled black box), midshelf (light gray boxes), inner shelf (dark gray boxes), and potential spawning grounds
(x-marked rectangles).
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Table 9
Summary of the Lagrangian particle tracking simulations conducted in the Bellingshausen Sea, along the shelf-break, the Marguerite Trough region, and along the wAP
continental shelf.
Release
region
Bellingshausen
Sea

Number of
release
points
70

Depth of release

0, 25, 50, 100, 125, 150, 175,
200, 250, 300, 350

Shelf-break

2258

50, 150, 300

Marguerite
Trough

120

25, 100, 200, 300, 500

Mid-shelf
Inner shelf

624
360

50, 120, 150, 300
25, 50, 100, 300

Time and
frequency of
release
24-Dec to
12-Feb, every
10 days
29-Dec,
13-Jan, 2-Feb
24-Dec to
24-Jan, every
day
24-Dec
15-Nov,
24-Dec, 13-Jan

intervals starting from 24 December until 12 February (see Table 10 for details).
The time period corresponds to peak krill spawning in this region of the Antarctic
(Spiridonov, 1995) and the interval is consistent with krill spawning for this region
(Quetin and Ross, 1991). Trajectories of particles that moved onto the wAP in the
vicinity of Alexander Island and Marguerite Bay, provided estimates of potential
connectivity of the wAP and upstream regions. These two sites are where intrusions
of CDW occur (e.g. Fig. 9 in Chapter III and Fig. 11 in Dinniman and Klinck, 2004)
and have persistent onshelf flow. Transport times were mapped to development times
for several larval stages, assuming normal development (see Table 10) and this was
used to identify possible krill spawning grounds.
The second set of experiments was designed to examine the role of Marguerite
Trough as a conduit for onshelf transport of particles. A high resolution array of
floats was released at the intersection of the Trough with the shelf break (Fig. 14).
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Floats were released at 1-day intervals for 32 days at depths between 25 and 300 m
(Table 10). The number of particles following particular pathways was calculated and
used to determine dominant transport pathways.
The third set of experiments was designed to explore local retention and export
of krill larvae. Particles were released between 0 and 300 m over the mid-shelf south
of Charcot Island, the southern entrance of Marguerite Bay along the Trough, and
north of Renaud Island (Fig. 14). These areas correspond to regions where high krill
abundance has been observed. Export from the shelf was defined as the number of
particles that crossed the 800-m isobath, defined to be the outer shelf edge (Bolmer,
2008).
Connectivity along the inner shelf was investigated by releasing particles at several depths (Table 9) close to shore near Charcot Island, Adelaide Island, Renaud
Island and Anvers Island (Fig. 14) on November 15, December 24 and January 13.
These times correspond to peak spawning over the wAP continental shelf (Ross and
Quetin, 1986; Spiridonov, 1995). Connectivity along the inner shelf was determined
by calculating the number of furcilia 6 larvae, determined from transport and developmental times, exchanged between each release site. The surface distribution of
furcilia 6 larvae was determined and the number of these larvae in regions of the wAP
with equal surface area (e.g. 40 km2) was calculated. The resultant particle counts
provided a representation of the connectivity and the export from the four sites to
other parts of the shelf.

4.2.3

Development times for Antarctic krill

Antarctic krill early life stages have a sequence that includes development of the
egg through Nauplius (2 stages), Metanauplius, Calyptosis (3 stages) and Furcilia (6
stages) (Fraser, 1936). Development times obtained from modeling studies (Hofmann
et al., 1992; Hofmann and Lascara, 2000), laboratory experiments (Ikeda, 1984) and
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field observations (Witek et al., 1980; Ross et al., 1988; Daly, 1990) were used in this
study (see Table 1 in Chapter II for details of the studies included to determine development times) to define a time interval for the development of each larval stage and
the median of each time interval was used to define the time span for the Lagrangian
simulations (Table 10).

Table 10
Intervals for the cumulative developmental time of krill larvae (e.g. Table 1) obtained
from laboratory experiments (Ikeda, 1984), field data analysis (Witek et al., 1980;
Ross et al., 1988; Daly, 1990) and modeling studies (Hofmann et al., 1992; Hofmann
and Lascara, 2000). The simulated development times are representative of average
conditions. Antarctic krill life stages are abbreviated as: N = Nauplius (stage I-II),
MN = Metanauplius, C = Calyptopis (stage I-III), F = Furcilia (I-VI).
Stage
~NI
Nil
MN
CI
CII
CIII
FI
FII
Fill
FIV
FV
FVI

Intervals (days)
5^8
13-24
10-41
18-38
33-60
50-75
58-90
70-105
85-121
95-135
111-180
114-258

Median (days)
7
19
26
28
47
63
74
88
103
115
146
186
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Fig. 15. Transport pathways of particles released at 25 m in the Bellingshausen
Sea after (A) 47 days, (B) 88 days, (C) 115 days, and (D) 186 days. Transport time
was mapped to development time to show the distribution of the calyptopis 2 (A),
furcilia 2 (B), furcilia 4(C) and furcilia 6 (D) larval stages. The individual trajectories
provide a representation of the age for each developmental stage.

4.3

RESULTS

4.3.1

Bellingshausen Sea inputs

Particles released near surface (Fig. 15) and at depth (Fig. 16) in the Bellingshausen Sea were transported to the northeast with the prevailing flow of the ACC
or moved further offshelf and retained in the region The trajectories showed considerable meandering, especially in the offshelf region. The trajectories associated with
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the calyptopis 2 stage (Fig. 15A) reached the outer portion of the wAP towards the
end of the developmental time associated with this stage. Onshelf movement of this
developmental stage occurred upstream of the U.S. SO GLOBEC study region. Similarly, onshelf movement of the furcilia 2 stage (Fig. 15B) occurred over the upstream
shelf regions. Particle trajectories associated with furcilia 4 (Fig. 15C) and furcilia
6 (Fig. 15D), however, moved onto the wAP in the region of Marguerite Trough
and off of Alexander Island. The furcilia 6 trajectories reached the inner part of the
wAP shelf just off of Adelaide Island (Fig. 15D). The trajectories for the particles
released at 125 m showed similar patterns (Fig. 16). Only the older furcilia stages
were transported onto the wAP continental shelf in the Marguerite Bay region.
The percent of furcilia 2 and 6 larvae released in the upper 25 m that was transported onto the continental shelf was 5-7% (Fig. 15C, D, Table 11). The percentage
of older larvae provided to the shelf increased with depth (Fig. 16). Also, the releases
at depths greater than 100 m resulted in more of the younger larval stages (calyptopis
2) moving onto the continental shelf. The maximum percentage of larvae that moved
onto the shelf occurred between 150 and 200 m for all larval stages (Table 11).
After one year of simulation, the percentage of the particles released in the Bellingshausen Sea that moved onto the shelf showed that all depths between 0 and 350 m
can provide krill larvae to the continental shelf (Table 11). These percentages indicate
that about 15 to 25% of the embryos spawned in the Bellingshausen Sea have the
possibility of reaching the continental shelf along the wAP and that these will arrive
in different stages of development.
Particles released along the shelf break showed that all depths (50, 150 and 300 m)
can provide krill larvae to the continental shelf of Marguerite Bay (Table 12). About
7 to 10% of the krill embryos spawned along the shelf break on the wAP will enter the
shelf as early calyptopis, and between 18 to 26% will reach Marguerite Bay as furcilia
6. These percentages are coherent with the simulations done for the Bellingshausen
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Fig. 16. Transport pathways of particles released at 125 m in the Bellingshausen
Sea after (A) 47 days, (B) 88 days, (C) 115 days, and (D) 186 days. Transport time
was mapped to development time to show the distribution of the calyptopis 2 (A),
furcilia 2 (B), furcilia 4(C) and furcilia 6 (D) larval stages. The individual trajectories
provide a representation of the age for each developmental stage.

Sea, and serves as additional support that a remote connectivity for krill larvae is
possible for the wAP.
The particle transport pathways showed two preferred sites for intrusions to the
shelf independent of the depth or date of release; the depression off Alexander Island
(hereafter Al depression) and the intersection of Marguerite Trough with the shelf
break (hereafter MT intersection). These are areas where CDW intrusions are known
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Table 11
Percentage (%) of different developmental stages of krill larvae that originated in the
Bellingshausen Sea that were transported onto the continental shelf. Larval stages
are abbreviated as: C2 = Calyptopis 2, C3 = Calyptopis 3, F3 = Furcilia 3, F6 =
Furcilia 6, ly = 1 year old.
Depth

Total-ly

C2 (%)

C3 (%)

F3 (%)

F6 (%)

(m)
0
25
50
100
125
150
175
200
250
300
350

11.4
12.3
16.1
21.1
21.9
26.6
26.3
24.9
22.5
20.5
19.3

0.6
3.2
4.7
6.1
7.3
8.5

1.5
4.1
6.1
9.1
9.4
11.1

5.3
7.3
8.2

5.8
7.3
9.1

10.2

12.6
11.7

14.3
13.7
16.1
16.1
16.4
13.7
11.1
10.5

15.5
15.8
17.5
17.5
18.1
16.1
12.3
12.9

8.8
8.5
6.1
3.8

9.7
7.6
7.0

to occur (Dinniman and Klinck, 2004; Klinck et al., 2004). The source areas for the
particles that move onto the wAP continental shelf at these sites were tracked back
to their source regions and the transport time was converted to developmental time
for the calyptopis 2 and furcilia stages (Fig. 17).
The three larval stages that arrived at the Alexander Island location originated
mostly along the shelf break, either near the bathymetric depression, for the calyptopis 2 stage, or from further west (~90°), for the late furcilia stages (Fig. 17A).
Some calyptopis and furcilia 2 and 3 originated offshore of the Al depression. The
origination regions for the larvae observed in the Marguerite Through area were more
widely distributed (Fig. 17B). Some of the particles originate along the shelf break
but a large portion also came from the region off the shelf offshore of Marguerite Bay.
Most of the calyptopis 2 and early furcilia larvae observed in the Marguerite Trough
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Table 12
Percentage (%) of different developmental stages of krill larvae that originated along
the shelf break of the wAP that were transported onto the continental shelf of Marguerite Bay. Larval stages are abbreviated as: CI = Calyptopis 1, F3 = Furcilia 3,
F6 = Furcilia 6.
Simulation day depth (m) of
release
Dec-29 - 50 m
Dec-29 - 150 m
Dec-29 - 300 m
Jan-13 - 50 m
Jan-13 - 150 m
Jan-13 - 300 m
Feb-2 - 50 m
Feb-2 - 150 m
Feb-2 - 300 m

C I (%)

F 3 (%)

F6 (%)

7.7
7.0
7.4
10.0
10.9
10.6
8.7
8.4
9.3

14.1
13.7
14.4
14.7
18.2
17.4
12.6
14.9
16.8

20.5
21.1
22.0
22.2
24.8
23.7
17.8
25.1
25.7

intersection derived from the region along and across the shelf break in an area east
of 80°W (Fig. 17B). In contrast, most of the late furcilia stages came from the area
west of 80°W along the shelf break and offshore in the 3000-4000 m region.
The depth distribution of the larvae arriving at the Alexander Island depression
and Marguerite Trough intersection differed for the two regions. At the Alexander
Island depression, the highest percentage (~40%) of the larvae were observed at 400
m (Fig. 18A). However, the percentage of particles arriving at 100 m and 200 m was
higher (~46%). A small percentage of particles moved onshore above 50 m (<5%).
At the Marguerite Trough intersection over 50% of the particles moved onto the
shelf at 100 m (25%) and 200 m (30%) (Fig. 18B). These particles derive mostly from
the shelf break, the open ocean off Marguerite Bay, or from the outer shelf south of
Marguerite Bay (Fig. 17B).
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Fig. 17. Origination regions for the simulated particles that arrived at (A) Alexander
Island and (B) Marguerite Trough. The particle transport time was converted to
larval age/stage using the developmental times given in Table 10.
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79
4.3.2

Role of Marguerite Trough

The shelf break region and slope off Marguerite Bay have been identified as a
suitable areas for local recruitment of Antarctic krill (Pakhomov et al., 2004), by
providing a conduit for Antarctic krill larvae to enter the wAP continental shelf
(Pakhomov et al., 2004). This was investigated by releasing a grid of floats at the
intersection of Marguerite Trough and the shelf break (Fig. 19). The dominant depth
of arrival of Antarctic krill from the Bellingshausen Sea was 100 m to 200 m, therefore
the time sequence of the horizontal distribution of the transport pathways is shown
for releases at 100 m. Once released, the floats were clearly apportioned into specific
pathways determined by the origination point. The subsequent transport of the floats
showed three dominant pathways (Fig. 19A). The first was a downstream pathway,
which flows along the shelf break to the northeast away from Marguerite Bay and the
shelf. The second pathway extended along the depression off Adelaide Island, which
reaches the inner shelf region north of Marguerite Bay towards Crystal Sound. The
third pathway was along Marguerite Trough towards Marguerite Bay (Fig. 19A). The
downstream pathway dominated the west side of the Marguerite Trough region (Fig.
19B-F) and with time also dominated the offshore east side (Fig. 19G-I).
The particles that entered the wAP continental shelf north of Marguerite Bay
were mostly from the region east of Marguerite Trough. These particles continued
along the depression off Adelaide Island into the inner shelf towards Crystal Sound
or continued to the northeast on the shelf. Particles entering Marguerite Bay moved
along the east flank of the Trough from the center side of the release region (Fig. 19).
In addition to spatial and temporal variability, the depth distribution of the percentage of particles associated with the three dominant pathways differed (Fig. 20).
The highest percentage of particles followed the Marguerite Trough pathway, with the
second highest percentage associated with the onshelf pathway (Fig. 20A). Particles
released above 25 m tended to follow the downstream pathway and be transported
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Fig. 19. (A) Release sites and simulated transport pathways obtained for particles
released at the outer end of Marguerite Trough at 100 m at daily intervals for 8 days.
Colors indicate the three transport pathways, downstream (blue), onshelf (light-blue),
and Marguerite Trough (yellow). The origination points for the particles contributing
to the three transport pathways on days 1 to 8 are shown in panels B-I, respectively.
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20. Depth distribution of the percentage of total particles released along

the outer end of Marguerite Trough that followed the (A) three dominant transport
pathways and (B) the relative percentage at each depth along the transport pathways.
The percentage particles that followed no pathway are also shown.

to the northeast with the prevailing flow of the ACC. This tendency decreased with
depth, especially below 200 m where only <10% of the larvae are transported away
from Marguerite Bay (Fig. 20B). At 100 m, the percentage of particles that followed
any of the three dominant pathways was approximately the same (Fig. 20B). However, only two of the three pathways provide sources of potential larvae to shelf sites
in Marguerite Bay and Crystal Sound (Fig. 20B). Below 200 m, there was a clear
tendency for the particles to follow the Marguerite Trough pathway especially at 300
m where ~40% of the total entered the shelf via this pathway (Fig. 20A). The percentage of particles that did not follow one of the dominant pathways (Fig. 20B) was
low (<15%) for all depths.
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The temporal variability of the transport pathways was determined by releasing
particles at daily intervals for one month (Fig. 21). At 25 m the particles tended to
follow the downstream pathway (Fig. 21 A), being more than 40% for 22 of the 32
days. During the other 10 days, six days at the start of the time series and 4 days
around day 20, there was a preference for the particles to continue onshelf along the
depression off Adelaide Island. During the first 10 days of the month at 100 m (Fig.
21B), the particles were as likely to continue along the downstream or onshelf pathway.
However, during the beginning around day 12 and at the end of the time series there
was clear dominance of the downstream pathway. The downstream pathway was the
dominant pathway at depths above 300 m during most of the time series. Below 300
m the Marguerite Trough pathway dominated (Fig. 21C-E). Particle transport at
500 m (Fig. 21E) was predominately along the Marguerite Trough pathway.

4.3.3

Local reproduction and retention

Simulated trajectories for floats released on the wAP shelf at a site to the north
between Renaud and Anvers Island and at a site to the south of Marguerite Bay
showed that these regions exported particles to the north and south and that the
particles remained mostly on the shelf (Fig. 22). Particles released at a central site
just off the southern entrance of Marguerite Bay moved across the shelf and entered
the northeasterly flow of the ACC. Other particles entered Marguerite Bay or moved
southward along Alexander Island.
Apportioning the (Fig. 22A, D) trajectories into times that correspond to the
calyptopis 2 larval stage (47 days, Fig. 22A, D) suggested that these larvae, if spawned
on the southern wAP shelf, would be found in Marguerite Bay and along Marguerite
Trough. Similarly, spawns to the north would result in calyptopis 2 larvae on the inner
shelf west of Renaud Island. Export from the shelf occurred after larvae developed to
the furcilia 2 and 3 stages (Fig. 22B, E). Only a small percentage of the larvae crossed
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Fig. 21. Time series of the percentage of particles that followed the three dominant
transport pathways after release at the offshore end of Marguerite Trough at (A) 25
m (B) 100 m (C) 200 m (D) 300 m, and (E) 500 m. The percentage of particles
following on pathway are shown for comparison. The percentages were calculated
relative to the total number of particles released.

the 800-m isobath and moved offshore before the furcilia 3 stage was completed (Table
13). However, export increased after 150 days, at which point the larvae correspond
to the furcilia 6 stage. At 300 m furcilia 6 larvae coming from the southern portion of
the wAP shelf (Fig. 22F) reached the vicinity of Marguerite Bay. However, at 100 m,
particles were retained on the mid-shelf, preventing larvae from reaching Marguerite
Bay (Fig. 22C).
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Fig. 22. Dispersion of simulated particles released at 100 m (top panels) and 300
m (bottom panels) at three sites (black boxes) over the wAP continental shelf. The
particle trajectories were mapped to the (A, D) calyptopis 2, (B, E) furcilia 3, and
(C, F) furcilia 6 larval stages using the developmental times given in Table 10.

Dispersion, export, and connectivity of krill populations along the inner portion
of the wAP shelf was determined by releasing particles at four locations at times that
correspond to when spawning occurs (Fig. 23).
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Table 13
Percentage (%) of particles released at 50, 120, 150 and 300 m that were exported
from the continental shelf from the sites on the southern (S), central (C) and northern
(N) portions of the wAP (see Fig. 22 for site locations). At each site and depth 208
particles were released. The trajectories were apportioned into times that correspond
to Antarctic krill larval stages using the developmental times given in Table 10. The
total percent export for each depth and site over one year (1 y) is given in the
last column.

The larval stages are abbreviated as: Nauplius 1 and 2 (NI, N2),

Metanauplius (MN), Calyptopis 1-3 (CI, C2, C3) and Furcilia 1-6 (Fl, F2, F3, F4,
F5, F6).
A r e a of release
50 m
S
C
N
120 m
S
C
N
150 m
S
C
N
300 m
S
C
N

N I N2 M N C I

C2 C 3 F l

F2

F3

F4

F5

F6

ly

0
0
0

0
0
0

0
0
0

0
0
0

0
3
1

0
6
1

0
13
6

0
9
13

0
9
18

0
10
22

1
17
35

0
19
44

9
47
83

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
3

4
2
4

5
2
10

6
4
14

8
4
16

8
4
18

12
6
25

27
32
66

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
1

2
0
4

3
1
7

6
1
10

5
1
13

8
1
19

9
3
25

25
19
50

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
1

0
2
2

1
3
5

3
3
10

3
4
12

3
5
14

6
9
19

22
39
76

Early in the reproductive season (15 November) export of calyptopis 2 larvae from
the inner shelf was low at the three southern-most release sites (Fig. 23A, D, G) and
furcilia 3 (Fig. 23B, E, H) larval stages. Export of calyptopis 2 larvae occurred only at
the northern release site near Anvers Island (Table 14). For the 24 December release,
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Fig. 23. Dispersion of simulated particles released at 50 m along the inner portion
of the wAP continental shelf on (A-C) 15 November, (D-F) 24 December, and (G-I)
13 January. The particle trajectories were mapped to the (A, D, G) calyptopis 2, (B,
E, H) furcilia 3, and (C, F, I) furcilia 6 larval stages using the developmental times
given in Table 10. Releases sites were (from south to north) near Charcot Island,
Adelaide Island, Renaud Island and Anvers Island.

the sites off Charcot Island, Adelaide Island, and Renaud Island showed essentially no
export. Particles exported from the Charcot Island site were returned to the shelf by
the prevailing circulation (Table 14). Export of the late stage larvae exceeded 20%,
but only for the northernmost release site. By mid-January, there was some exchange
of particles between the three northern sites, but the southern-most site remained
essentially self contained (Fig. 23C, F, I, Table 14).
The connectivity among the inner shelf release sites showed that the export tended
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to be to the north along the shelf, but that the number of particles that were exchanged was low (Fig. 24). The number of particles exchanged between sites (Table
15) at the time corresponding to the first larval feeding stage (calyptopis 1) and the
time before completion of the last larval stage (furcilia 6) provided a measure of potential import and export of individuals from a location. There was no connectivity
among these sites at the calyptopis 1 larval stage and the degree of connectivity for
the last larval stage was low (Table 15). A small percentage of individuals from Marguerite Bay (Adelaide Island) reached Renaud Island and there was limited exchange
between Renaud Island and Anvers Island (Fig. 24, Table 15). The December and
January releases showed similar dispersion patterns. The furcilia 6 larvae from Charcot Island occupied the shelf south of Alexander Island and only a small number of
individuals were observed along the shelf north of Marguerite Bay. The release sites
near Charcot Island and Adelaide Island showed no direct connectivity (Fig. 24A,
B). The Adelaide Island release site showed higher retention and some connectivity
with the region near Renaud Island (Fig. 24C, D). The largest number of particles
were found either on the mid-shelf north of Marguerite Bay or in the fjords southeast
from Anvers Island (Fig. 24C, D). Larvae from the Renaud Island site was observed
on the inner wAP shelf and around the Anvers Island release site (Fig. 24E, F).
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Fig. 24. Distribution of particles released at four sites (unfilled blue squares) near
Charcot Island (A, B), Adelaide Island (C, D), Renaud Island (E, F) and Anvers
Island (G, H) along the inner wAP shelf in December (left panels) and January (right
panels). Release site is indicated (filled blue square) in each panel. The number of
particles (indicated by scales) in 40 km by 40 km gridded regions of the shelf after
development to furcilia 6 larvae.
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Table 14
Percentage (%) of particles released at 25, 50, 100 and 300 m that were exported from
the shelf from the sites near Charcot Island (CH), Adelaide Island (AdI), Renaud
Island (RI) and Anvers Island (Al). At each site and depth 90 particles were released.
The trajectories were apportioned into times that correspond to Antarctic krill larval
stages using the developmental times given in Table 10. The total percent export for
each depth and site over one year (1 y) is given in the last column. The larval stages
are abbreviated as: Nauplius 1 and 2 (NI, N2), Metanauplius (MN), Calyptopis 1-3
(CI, C2, C3) and Furcilia 1-6 ( F l , F2, F3, F4, F5, F6).
Area of release
25 m

cir~
AdI
RI
Al
50 m
CH
AdI
RI
Al
100 m
CHAdI
RI
Al
300 m
CHAdI
RI
Al

N I N2 M N CI

C2 C3 F l

F2

F3

F4

F5

F6

1 y

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
6

0
0
0
12

0
0
0
23

0
0
2
38

0
2
18
51

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
3

0
0
0
12

0
0
0
20

0
2
2
31

0
17
17
56

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0

43

0
1
17
56

0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0

0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
3

0
0
0
1

0
0
0
7

0
0
0
0
0
1
14 26
0
0
0
0
0
0
18 24

0
40

1
3
20
56
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Table 15
Number of particles released at 50 m that were exported to the sites near Charcot
Island (CH), Adelaide Island (AdI), Renaud Island (RI) and Anvers Island (Al) for
the release of December 24. At each site 90 particles were released. The trajectories
were apportioned into times that correspond to the first feeding stage (Calyptopis 1,
CI) and late larval stage (Furcilia 6, F6) of Antarctic krill using the developmental
times given in Table 10.
CI larvae

Sites

CH

CH
AdI
RI
Al
F6 larvae

-

0
0
0

-

0
0

-

Al
0
0
0

0

-

Sites

CH

CH
AdI
RI
Al

-

AdI
0

RI
0
1
-

Al
0
0
3

1

-

0
0
0

AdI
0

-

0
0

RI
0
0

The number of particles originating near Renaud Island that reached Anvers Island
was low (Table 14), but dispersion and retention occurred along and between the inner
shelf between these two areas. Most of the furcilia 6 larvae released near Anvers Island
in January were exported from the shelf (Fig. 24H). In contrast a December release
at this site resulted in a larger number of particles being retained east of the release
site (Fig. 24G).
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4.4

DISCUSSION A N D SUMMARY

4.4.1

Western Bellingshausen Sea Inputs

A circumpolar, one-dimensional temperature-dependent model of the descentascent cycle of Antarctic krill (Hofmann and Hiisrevoglu, 2003) showed that the
Bellingshausen Sea is a region where this portion of the reproductive cycle can be
successfully completed. Embryos released over the deep water reach CDW, which
provides a suitable habitat for development. The embryos hatch at depth and the
larvae return to the surface to start feeding (Marr, 1962; Marschall, 1983; Quetin and
Ross, 1984). The Lagrangian tracking experiments showed that particles released in
upstream regions of the Bellingshausen Sea were entrained in the north-northeasterly
flowing ACC and transported along the outer shelf, reaching the wAP shelf in 120150 days. In areas where the alongshelf flow is deflected onshore, such as Marguerite
Trough and the depression off Alexander Island, the particles moved onto the wAP
continental shelf. These numerical results correspond to aspects of krill reproduction and life history. Gravid females of Antarctic krill migrate to the outer shelf
area to spawn (Marr, 1962; Siegel, 1988), which provides a source of embryos that
can be transported by the ACC towards the wAP region. The transport time scales
correspond to developmental times associated with the early to late larval stages of
Antarctic krill. The locations of the onshelf movement of the krill larval stages in the
wAP region are consistent with observed distributions and with areas where persistent
krill populations have been observed, such as Crystal Sound and Laubeuf Fjord.
The limited observations available from the Bellingshausen Sea and wAP continental shelf support the patterns obtained from the numerical Lagrangian experiments.
Acoustic observations of the abundance and distribution of Antarctic krill in the
marginal ice zone of the Bellingshausen Sea area showed large krill swarms in the
open sea between 84°W-86°W south of 67°S in an area characterized by mesoscale
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eddies and high chlorophyll concentrations (>6 mg chl a m~3) were observed (Murray
et al., 1995; Savidge et al., 1995). The area sampled during these studies is consistent with potential spawning grounds inferred from the Lagrangian experiments that
resulted in furcilia larvae that are transported onto the wAP shelf via Marguerite
Trough (e.g. Fig. 17B). Additional net-based observations showed that Antarctic
krill size/age groups were spatially segregated along a gradient from the shelf break
to offshore waters in the Bellingshausen Sea area (Siegel and Harm, 1996). Large mature krill size groups were found mostly in open water, and younger krill (age group
+1) were predominant near the shelf break and over the southern shelf. Most of the
females observed belonged to the prespawning stage, which indicated that early phase
of spawning. Larvae resulting from spawns from krill either along the shelf break or
on the outer shelf represent potential inputs to the wAP shelf.
Net-based observations from the U.S. SO GLOBEC field studies showed that early
furcilia stages, including the furcilia 6 stage, were the dominant modes of krill larvae
between 50-200 m at the outer portion of Marguerite Trough along the shelf break
(Daly, 2004). Additional net-based observations (0-300 m) from the German SO
GLOBEC field studies in fall 2001 (Pakhomov et al., 2004) also showed a high abundance of furcilia 1 and 2 at locations over the shelf break and slope around Marguerite
Trough. The depth distributions of the simulated particles showed that approximately
55% of the particles that arrived at the outer end of Marguerite Trough were in the
100-200 m depth range, which roughly agrees with the depth distribution observed
by Daly (2004) and Pakhomov et al. (2004). Moreover, the predominant transport
pathways (see Fig. 18A) moved these particles towards the inner shelf, through the
depression off Adelaide Island reaching Crystal Sound or through Marguerite Trough
to the inner portions of Marguerite Bay, such as Laubeuf Fjord. These latter two
sites correspond to biological hot spot regions (Costa et al., 2007).
Marguerite Trough is an important conduit for the transport of particles (and
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larvae) originating in upstream regions onto the shelf. The numerical simulations
showed that 40-60% of the particles that arrived at Laubeuf Fjord were released
over the outer portion of Marguerite Trough (intersection of the shelf break with
Marguerite Trough) and followed transport pathways along the inner limb of the
shelf break and the Trough (see Fig. 11C, F). The estimated residence times for
inner shelf regions, such as Laubeuf Fjord (e.g. Table 7 in Chapter III), are long
enough for the larvae originating in upstream regions to be retained and recruit to
the shelf krill populations by fall when the seasonal pack-ice closes. Observations
show that larval and postlarval krill are more likely to occupy the inner shelf areas of
the wAP late in the fall season (Siegel, 2005; Nicol, 2006).
The Lagrangian particle experiments also showed that the shelf area south of
Alexander Island (around 76°W) is a potential source region of larval krill to the
Marguerite Bay region. This is an area where the descent-ascent portion of the krill
reproductive cycle can be successfully completed (Hofmann and Husrevoglu, 2003).
The particle transport times indicated that this region is a potential spawning area
for the calyptopis 2 larvae that were transported to the outer portion of Marguerite
Trough. Analysis of video plankton recorder data obtained from surveys made during
the U.S. SO GLOBEC 2001 field studies showed high abundances of larval krill of size
appropriate for calyptopis 2 on the outer and mid portions of the wAP shelf (Ashjian
et al., 2008). The vertical distribution of dominant taxon placed larval krill in an area
of the outer shelf and shelf break, where inputs from the Bellingshausen Sea could
supply larvae to the Alexander Island region (e.g. Fig. 17A). The estimated upstream
spawning ground that would result in inputs of krill larvae that would move onto this
portion of the wAP shelf is in an area where high chlorophyll a concentrations have
been observed (Marrari et al., 2008).
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4.4.2

Local reproduction and export from the shelf

The deeper portions of the wAP inner and mid shelf are areas where the descentascent reproductive cycle can be successfully completed (Hofmann and Husrevoglu,
2003). Reproduction of Antarctic krill in shelf environments has been suggested for
the northern portion of the Antarctic Peninsula (Brinton, 1991). From net-based
observations, the Gerlache-Bransfield Strait region was described as a nursery area
for immature krill and early summer larvae. The local circulation was assumed to
increase the larval retention times in the near shore waters that favored continued
development and growth (Huntley and Brinton, 1991).
The residence times estimated from the particle trajectories on the wAP continental shelf were about 3 months. Moreover, the degree of connectivity between sites
on the mid and inner shelf was low. These results suggest that local reproduction and
development can contribute to maintenance of krill populations on the wAP shelf.
The larval krill distributions observed in the Marguerite Bay region during the
U.S. SO GLOBEC field studies suggested that onshore and offshore reproduction by
Antarctic krill occurred. Net samples obtained inside Marguerite Bay during fall 2001
and fall 2002 (Daly, 2004) showed high abundances of older stage larvae concentrated
in a narrow layer near the surface. Younger larval stages were observed at offshelf
locations. The simulated dispersion of older stage larvae (furcilia 6) that originated
along four release locations on the shelf (e.g. Fig. 24), showed distributions similar
to the onshelf observations given by Daly (2004). The numerical experiments suggest
that if local reproduction occurs around Marguerite Bay, the furcilia 6 larval stage
will be found either on the mid-shelf north of Adelaide Island or in the fjords inside
Marguerite Bay (e.g. Fig. 24C). Larval krill hatched from embryos released in summer
within the inner shelf environments north of Marguerite Bay, would enter winter as
late larvae (furcilia 6) and occupy the mid and outer shelf region between Adelaide
Island and Anvers Island.
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Additional support for local reproduction comes from net-based observations made
on the wAP shelf during fall 2001 prior to the U.S. SO GLOBEC observations (Pakhomov et al., 2004). These distributions showed that the furcilia 2 and 3 stages accounted for 60% of the total larval abundance. This implies that local reproduction
is possible. Embryos spawned on the shelf could develop into furcilia 3 before being exported or retained on the shelf and provide the source of the furcilia 6 larvae
observed later in the fall.
Ashjian et al. (2004) showed that the greatest abundance and biomass of larval
krill on the wAP shelf were associated with a persistent clockwise gyre located to
the west of Adelaide Island. This is also the region where high numbers of simulated
particles with time scales that correspond to furcilia 6 larvae accumulated (e.g. Fig.
24D). Ashjian et al. (2004) also observed high abundance and biomass of juvenile and
adult krill in Laubeuf Fjord during fall 2001. During winter 2001, larger larval krill
were found over the wAP shelf. The Video Plankton Recorder observations from the
2001 fall and winter surveys showed larval krill present across the entire shelf with high
abundances at the shelf break (Ashjian et al., 2008). The SO GLOBEC observations
are consistent with those made during the SIBEX programme of BIOMASS (Siegel,
1989), which showed winter distributions of furcilia 3 to furcilia 5 larvae along the
wAP continental shelf break and mid shelf. The highest abundances were towards
the area off of Adelaide Island (the southwestern area covered by that survey).
Wiebe et al. (2011) showed that the distribution of Antarctic krill and other
euphausiids was associated with the deep troughs and depressions of the wAP, and
suggested that local reproduction is a contributing factor in maintaining these distributions. They also showed an across-shelf gradient in the abundance of Antarctic
krill with higher abundances of calyptopis and furcilia over the shelf. Comparison
with distributions of numerical Lagrangian particles led Wiebe et al. (2011) to conclude that the observed distribution of larval krill on the wAP shelf could result from
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local onshelf reproduction. These results are consistent with the recognition that
Marguerite Bay is a potential "hotpot" (Pakhomov et al., 2004) in Antarctic krill
recruitment along the Antarctic Peninsula.
Local reproduction does not necessarily imply local retention. The simulated
trajectories for particles released at inner shelf sites north of the Marguerite Bay region
showed that older larval krill could be transported as far north as Elephant Island
(Fig. 24H). Several modeling studies have shown that transport of Antarctic krill from
the Antarctic Peninsula does occur and that krill populations in downstream regions,
such as South Georgia are sustained by inputs of individuals from the Antarctic
Peninsula (Hofmann et al., 1998; Murphy et al., 1998; Fach et al., 2002; Fach et al.,
2006).

4.4.3

Implications for w A P krill populations

The results of this study suggest that Antarctic krill populations along the outer
and mid wAP shelf receive significant (~25%) and consistent inputs from upstream
sources. The extent to which the wAP populations are dependent on these inputs is
likely variable and dependent on season and location. The Lagrangian tracking results
presented in this and the previous chapter showed that particles are transported to
particular regions of the wAP, with time scales that were consistent with that required
for development of an Antarctic krill from an embryo to late furcilia stages (186 days).
The preferred transport pathways for particles released over Marguerite Trough at
the surface and at depth (e.g. Fig. 20 and 21) resulted in inputs to inner shelf regions,
such as Crystal Sound and Laubeuf Fjord. Crystal Sound supports high densities of
crabeater seals (Burns et al., 2004). Also, Adelie penguins distributions along the
wAP shelf are linked to regions of enhanced krill abundance (Fraser and Trivelpiece,
1996). Adelie penguins depend on Antarctic krill as a primary food source. During the
U.S. SO GLOBEC field studies, Adelie penguins were found near or over Marguerite
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Trough and in areas associated with CDW (Ribic et al., 2008). Humpback and minke
whales distributions on the wAP have a positive relationship with high zooplankton
acoustic volume backscatter in the upper and mid water column, they are able to
locate physical features and oceanographic processes that enhance prey aggregation
(Friedlaender et al., 2006). The distributions of these predators coincided with areas
highlighted in the Lagrangian tracking simulations, that showed retention and/or
received consistent and significant inputs from other regions. The implication is that
the top trophic level predators target these locations because of access to a dependable
food supply (Costa et al., 2007). Thus, the spatial separation in dependence on local
versus remote inputs has implications for predators that depend on Antarctic krill as
the primary prey.
A sequence that may result in maintenance of krill populations that are needed
as prey by the top trophic level predators can be constructed from the Lagrangian
particle simulations. Furcilia larvae that arrive in the Marguerite Bay region from
other source regions can be transported to the inner shelf areas by the shelf circulation
during the late summer and fall. By winter, sea ice covers these regions, providing
an overwintering habitat for the Antarctic krill with sufficient available food (from
sea ice) and retention due to local circulation (see retention times in Table 7). The
next summer 1-year-old krill (juveniles) would be found in the inner shelf region.
Support for this scenario is provided by krill length frequency distributions collected
in summer, which showed small krill (33-37 mm) throughout the inner shelf region of
the wAP between Anvers Island and Renaud Island (Lascara et al., 1999). Larger krill
(>40 mm) were restricted to the outer shelf. Summer size compositions of Antarctic
krill collected in the deeper shelf waters (140 m) between Renaud Island and Adelaide
Island showed length classes that ranged from 18-27 mm with a modal value of 22 mm
(Siegel, 1985). These individuals were categorized as small juveniles and accounted
for 91% of the total individuals that were sampled.
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The occurrence of juvenile and medium size krill along the inner shelf may result
from local reproduction in areas of the shelf where the shelf is deep and CDW is
present, which allows completion of the descent-ascent cycle (Prezelin et al., 2000).
The clockwise surface circulation over the shelf and onshore flow at depth (Smith et
al. 1999; Dinniman and Klinck, 2004) facilitate transport of krill larvae to the inner
shelf.
Reproduction of krill along the wAP continental shelf break has been shown to
result in the spreading and transport of larval krill by the frontal regions of the ACC
(Capella et al., 1992; Hofmann et al., 1992; Fach et al., 2002; Thorpe et al., 2004;
Thorpe et al., 2007). Export of the krill that result from local reproduction in and
around Marguerite Bay may account for the larvae observed at the outer shelf end
of Marguerite Trough (Wiebe et al., 2011). The Lagrangian tracking simulations
showed that about 40% (25-100 m) and <20% (below 200 m ) of the particles in this
region were transported northeast away from Marguerite Bay (e.g. Fig. 21). This
export may be important for krill predators in regions north of Marguerite Bay such
as Bransfield Strait and South Georgia (Brierley et al., 1997).
The Bransfield Strait is known to support high biomass and to be an area of krill
reproduction and recruitment (Siegel, 1988; Brinton, 1991; Huntley and Brinton,
1991; Hofmann et al., 1992; Ichii et al., 1998). The wAP shelf region south of Bransfield Strait has high krill biomass in all seasons (Lascara et al., 1999). The results
from this study showed that particles released in the Marguerite Bay region provided
inputs to the wAP shelf area south of Bransfield Strait. An earlier particle tracking
study (Capella et al., 1992) showed that particles released on the northern part of the
wAP shelf were transported to Bransfield Strait. Thus, there is connectivity among
the krill populations that extend from the southern wAP to Bransfield Strait.
Populations of Antarctic krill at South Georgia are sustained by inputs from other
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regions (Marr, 1962; Siegel, 1988; Hofmann et al., 1998; Murphy et al., 1998). Acoustic estimates of krill density in the Elephant Island and South Georgia regions showed
similarities at both locations that suggested that krill densities are coupled and may be
impacted by similar physical and biological factors over similar spatial and temporal
scales (Brierley et al., 1999). Years of low krill density corresponded to major breeding
failures for numerous krill predators in South Georgia (Brierley and Watkins, 1996).
Differences in the length frequency distributions of the krill sampled on the western and eastern side of South Georgia suggested two different krill sources (Watkins
et al., 1999). Krill from the western side were larger and were assumed to come from
Bellingshausen Sea. On the eastern side of South Georgia krill were smaller and were
assumed to originate in the Weddell Sea. The size of krill across the Scotia Sea from
the wAP to South Georgia increases (Marr, 1962; Siegel, 1992; Tarling et al, 2007).
Observations of krill size frequency distributions from South Georgia suggested that
the younger 1+ (2 yr old) and 2+ (3 yr old) size class krill enter the region mainly
from the east, as either pulses or continuous recruitment events (Murphy et al. 1998).
Transport of krill across the Scotia Sea to South Georgia is possible due to currents
associated with the ACC (Hofmann et al., 1998; Murphy et a l , 1988; Fach et al., 2002;
Fach et al., 2006; Thorpe et al., 2007). The simulated trajectories showed that >30%
of the particles originating on the wAP shelf are exported from the shelf (Table 15)
and that many of these may reach Elephant Island when completing the furcilia 6
stage (e.g. Fig. 24H). About 70% of the one year old krill reproduced between Renaud
Island and Adelaide Island will be exported from the wAP shelf and may continue
transport across the Scotia Sea (Fach et al., 2006; Thorpe et al., 2007). Simulations
of krill growth during transport showed that larval and juvenile krill originating along
the western Antarctic Peninsula can grow to 1+ and 2+ age classes during transport
to the South Georgia region. The observed distribution of krill furcilia larvae during
the winter (Siegel, 1989) showed highest concentrations in the oceanic waters north
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of the South Shetland Islands towards Elephant Island, providing additional support
for export from the wAP to the Scotia Sea.
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CHAPTER 5
MODELING EARLY LIFE STAGES OF ANTARCTIC
KRILL (Euphausia

superba) IN CONTINENTAL SHELF

ENVIRONMENTS ON T H E W E S T ANTARCTIC
PENINSULA
5.1

INTRODUCTION
The Antarctic krill populations along the wAP continental shelf are maintained

at some level by local inputs, as suggested by observational (Lascara et al., 1999;
Fraser and Hofmann, 2003; Prezelin et al., 2004; Pakhomov et al., 2004; Wiebe et al.,
2011) and modeling studies (Piiiones et al., 2011; Chapter IV). The extent to which
local inputs support the Antarctic krill stocks depends on the availability of spawning
stock and the ability to complete the descent-ascent portion of the reproductive cycle
on the wAP continental shelf.
The distribution of Antarctic krill spawning stock and spawning grounds on the
wAP continental shelf was inferred from observations that showed spatial separation
of the life stages and seasonally varying distributions in biomass (Siegel, 1988, 1992).
Juveniles and early subadults were observed in the inner shelf region and gravid and
spent females were found along the outer shelf and in oceanic waters. The latter
observation suggested that the primary spawning region was along the outer portion
of the wAP continental shelf (Siegel, 1988). The observed spatial separation of the
krill maturity stages led Siegel (1988) to postulate a seasonal on-offshelf migration
by Antarctic krill. Adult krill moved offshore in summer to spawn, after which they
moved onshore to the inner portion of the shelf. This migration extended over distances of 50-100 km and occurred in 5 to 10 days (Kanda et al., 1982). The onshore
migration was coincident with sea ice formation, which provided a winter habitat for
larvae (Daly, 2004) and resulted in larvae in the inner shelf region the next spring
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when the sea ice retreated (Nicol, 2003). This sequence explained observed distribution patterns of larval, juvenile, and adult krill (Siegel, 2000) and observations of
seasonal shifts in Antarctic krill biomass towards the inner wAP shelf (Lascara et al.,
1999).
Successful completion of the descent-ascent cycle portion of Antarctic krill reproduction requires that embryos be released in regions where hatching will occur at
depths that are shallow enough to allow the first larval feeding stage to ascend to the
surface waters before depleting its carbon stores (Ross and Quetin, 1989). Modeling
studies of the descent-ascent cycle (Hofmann et al., 1992; Hofmann and Husrevoglu,
2003) showed that the depth of CDW controls the success of the descent-ascent cycle. Encountering CDW accelerates development and hatching of the embryo, which
allows the larva to return from shallower depths and to ascend faster (Hofmann et
al., 1992; Hofmann and Husrevoglu, 2003). The outer wAP continental shelf and
regions of the mid and inner shelf that are deeper than 400 m and are influenced
by CDW support successful completion of the descent-ascent cycle (Hofmann et al.,
1992; Hofmann and Husrevoglu, 2003).
The wAP continental shelf, therefore, has spawning stock of Antarctic krill and
provides a habitat that supports successful completion of the descent-ascent cycle.
However, recent studies have shown that biological production may be supported
by limited regions (e.g.

hot spots) of the wAP continental shelf (Costa et al.,

2007; Hofmann et al., 2009). The extent to which the regions associated with hot
spots, spawning, and successful descent-ascent cycles coincide is unknown. Thus,
the objective of this study is to investigate connectivity of these regions. A onedimensional, temperature-dependent model (Hofmann et al., 1992) was used to simulate the descent-ascent cycle of the embryos and early larval stages of Antarctic krill
to determine which regions of the wAP continental shelf support successful reproduction. Additional simulations considered the extent to which these regions will be
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modified by changing environmental conditions that may result from climate change.
The areas where the descent-ascent cycle was successful were related to hot spot and
spawning areas to obtain an estimate of the potential for local production to support
krill populations of the wAP continental shelf.
The model used in this study is described in the next section. This is followed by
results from the descent-ascent cycle for current and future conditions. The discussion
section summarizes these results in terms of the Lagrangian particle tracking results
(Chapters III, IV) and current understanding of Antarctic krill distributions on the
wAP continental shelf.

5.2

METHODS

5.2.1

Embryo-larvae krill model

A one-dimensional temperature-dependent model (Hofmann et al., 1992) was used
to simulate the descent-ascent cycle of an Antarctic krill embryo-larvae on the continental shelf of the wAP. The embryo sinking velocity and larva ascent rate depend on
developmental stage, ambient temperature, and water density. The time-dependent
sinking rate (Sr(t), m s - 1 ) of the released embryo is given by:

where Dm is the diameter of the embryo (//m), v is the kinematic viscosity
(1.787x 10~6 m2 s), g is the gravitational acceleration, pe is the density of the embryo
and pw is the density of the ambient sea water (both in g cm - 3 ). The embryo changes
it initial diameter (Dm0) as it develops through the five embryonic stages of single
cell to early gastrula (SC-eG), early gastrula to gastrula (eG-G), gastrula to early
limb bud (G-eLB), early limb bud to late limb bud (eLB-lLB) and late limb bud to
hatch (1LB-NI). The diameter for each stage is calculated as:
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Dmt(fD) =

Dm0 + 6.605 + 104.936/£> - 247.258/D2 + 192.003/D3

if T < 0°C

Dm0 + 1.557 + 153.305/Z? - 355.408/.D2 + 260.204/Z)3

if 0°C < T < VC

Dm0 + 0.460 + 150.220/Z? - 334.003/Z)2 + 238.811/D3

if l°C <T < 2°C

Drrio + 1.505 + 138.389/D - 325.546/D2 + 260.204/D3

if 2°C < T

where fD is the fraction of the embryonic development that has been completed and
T is the ambient water temperature (°C). The initial diameter of the embryo (Dm0)
used in this study was 620 fim. (Hofmann et al., 1992). Time step (t) used for the
descent-ascent model is 1 h.
The developmental time for the embryonic stages was estimated as:

Det(T) = {

1.22e-2-351T + 24.147

for SC to eG

33.3 - 10T

if T is < 0°C for eG to G

33.3

if T is > 0°C for eG to G

11.851e- 1123T +62.404

for G to eLB

110.15-14.8T

for eLB to ILB

37.258e- a907T + 108.644

for ILB to NI

where i designates the different embryonic stages.
The density of the embryo was calculated from the wet weight (Ww) and the
diameter of each developmental stage (i) as:

Pe =

6Wwt
ixDrnV

(9)
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and wet weight was calculated using the diameter of the embryo as:

Wwi(Dm)

0.6146£>ra - 250.4528

for SC to eG

0.4963£>m- 175.1451

for eG to eLB

0.7539£>m- 340.0911

for eLB to ILB

0.7539Dm - 311.4229

for ILB to NI

After the embryo hatches, the larva ascends with an ascent rate (m s *) that
depends on ambient temperature and was calculated as:

Ar(t) = <

-(O.Olir + 0.208)Ps

if T is < 0°C*

-(0.043T + 0.208)Ps

if T is > 0°C

where Ps is the fraction of time the larvae spends swimming, which was set to 30%
(Hofmann et al., 1992; Hofmann and Husrevoglu, 2003). As the larva ascends it
develops from metanauplius through the nauplius stages and into a calyptopis I, the
first feeding stage, and then into a calyptopis II stage. The development time is
dependent on ambient temperature
38.36e- 141T + 225.29

Dk(T) = { 78.26e"1-53r + 417.93
320.58e- 11T + 752.22

for NI to MN
for NI to CI
for NI to CII

During ascent, the larva is dependent on its internal carbon stores for energy
because it is not feeding. The rate at which these are used is dependent on respiration
rate. Embryo and larval respiration rates are given in

/J.102

h _ 1 and are expressed as

a function of fraction of total development (fD) and are given by:

Rembryo = 0 . 8 3 6 8 X l Q 0 ' 7 1 9 5 ^

(10)
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Rlarva = 11.1030 x i o 0 8 4 8 9 ^

(11)

Estimates of carbon used by the embryo and larva were calculated with a standard
conversion constant of 0.385 fig carbon used per 1 pi of oxygen consumed (Quetin
and Ross, 1989; Hofmann et al., 1992)
The one-dimensional ascent-descent model was implemented using temperature
and density fields obtained with the wAP numerical circulation model (see Chapter
III) for the time corresponding to the Antarctic krill reproductive season, which extends from December to March (Ross and Quetin, 1986; Spiridonov, 1995). Monthly
averages of daily values were used as inputs for the descent-ascent model and the
model was implemented at each grid point in the circulation model domain (e.g.
4-km resolution). Model diagnostics were the vertical displacement of the embryolarvae particle in the water column and the development time from hatching to the
calyptopis II stage. The time step (t) used for the descent-ascent model was 1 hour.

5.2.2

Present and future environmental simulations

The embryo-larvae descent-ascent model was used to simulate the effect of perturbed environmental conditions that may potentially occur on the wAP continental
shelf as the result of climate warming. These conditions include increased wind speed
(i.e. the westerlies) and increased transport of the ACC, both of which affect the
volume of CDW transported onto the wAP continental shelf (Dinniman et al., submitted). For these simulations, the present day winds (1 January 2000-31 December
2002) were scaled by a constant factor, which increased wind speed by 20%. The
ACC transport was increased by imposing a modified temperature and salinity gradient along the lateral open boundaries (Dinniman et al., submitted). The temperature
and density fields obtained from the combined 20% wind increase and enhanced ACC
transport simulations were input to the descent-ascent model.
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5.3

RESULTS

5.3.1

Temperature and density during the present day reproductive season

The mean simulated surface temperature for the months corresponding to the
Antarctic krill reproductive season showed that warming begins in the southwestern
inner portion of Marguerite Bay in December and progresses northwards (Fig. 25).
The maximum surface temperatures, 1-2°C, occurred in February (Fig. 25C). By
March, surface temperatures in Marguerite Bay had cooled to just above 0°C. Surface
temperatures in regions outside and to the north of Marguerite Bay remained above
1°C.
Simulated surface density remained relatively constant from December to March
(Fig. 26). Freshwater inputs from sea ice melting and heating from solar radiation
control the surface ocean density during the summer. The simulated vertical temperature and density profiles reproduced the three water masses that contribute to
the hydrographic structure of the wAP continental shelf (Fig. 27). The AASW is
characterized by potential temperatures between (-1.8 - 1.0°C) and densities < 27.4
(Klinck et al., 2004) and is present in the upper water column over the shelf. The
temperature minimum, which indicates WW occurs below the AASW between 100
and 200 m. Below WW, CDW, characterized by temperatures above 1°C, floods the
wAP shelf.

5.3.2

Descent-ascent cycle and hatching depth

The density of krill embryos is higher than that of seawater (Marr, 1962; Quetin
and Ross, 1984) and, as a result, the embryos begin sinking immediately after spawning. The sinking velocity of the simulated embryo was variable, which is reflected in
the pattern of the vertical trajectory (Fig. 28). Initial sinking rates were fast, 184.9
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toigiiude fW)

Fig. 25. Monthly-averaged simulated sea surface temperature distribution for (A)
December, (B) January, (C) February, and (D) March. The 800-m isobath (white
line) indicates the location of the shelf break and the deep areas along Marguerite
Trough.

to 190.1 m d _1 , which moved the embryo to depths of about 250 m in 2-3 days (Fig.
28B-E). At this point, the embryo had reached the gastrula stage and the sinking rate
decreased, thus retaining the embryo in the upper part of CDW (see Fig. 27). The
embryo remained in the warmer CDW for 3-4 days where developmental rate was
increased. During the last 2-3 days of embryonic development, the sinking rate again
increased to 181.4 to 185.8 m d"1. Hatching depths of the embryo were between 600
m and 700 m (Fig. 28B-E).
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Fig. 26. Monthly-averaged simulated sea surface density (kg m~3) distribution for
(A) December, (B) January, (C) February, (D) March. The 800-m isobath (white
line) indicates the location of the shelf break and the deep areas along Marguerite
Trough.
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Fig. 27. Simulated vertical distribution of (A) temperature and (B) density from
a site at Marguerite Bay on the wAP continental shelf. This profile represents the
mean for the austral summer (December to March).

Following hatching the larva ascended, reaching the sea surface in 10 to 13 days.
For an embryo spawned inside Marguerite Bay, the descent-ascent cycle took approximately 14 days (Fig. 28A, D, E). The embryo portion of the cycle took 4-5 days and
hatching occurred around 600 m, which is above or just at the bottom for most of this
region of the wAP continental shelf. After hatching larval ascent took about 10 days
and the larva reached the surface as a calyptopis I stage or first feeding stage. South
of Marguerite Bay the descent-ascent cycle took approximately 3 days more. The
simulated for carbon content showed that internal carbon stores sustain the embryo

Ill

Fig. 28. (A) Distribution of simulated hatching depths for krill embryos released
over the wAP continental shelf at each point of the circulation model and the locations
of the vertical profiles for the descent-ascent cycle for embryo-larva particles released
in (B) Crystal Sound, (C) west of Alexander Island, (D) Marguerite Trough, and
(E) Laubeuf Fjord. The Wilkins Ice Shelf (WIS), George VI Ice Shelf (GVIIS) and
Larsen Ice Shelf (LIS) and 800-m isobath (solid gray line) are shown. The calyptopis
I stage is abbreviated as CI.
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and larvae throughout its descent-ascent until is able to begin feeding. Water temperatures in this area are 0.5°C colder (Fig. 29), which showed the embryo development
and hence sinking rate. The result was that hatching occurs deeper at about 700
m (Fig. 28C). The ascent time was longer because of slower development, resulting
in the cycle being completed in 18 days (Fig. 28C). The Crystal Sound region on
the inner shelf north of Marguerite Bay supported completion of the descent-ascent
cycle in 15.5 days (Fig. 28B). This region of the wAP continental shelf has warmer
temperatures in the upper water column and is influenced by warm CDW below 200
m (Fig. 29).
The simulated hatching depth was relatively uniform along and beyond the shelf
break (Fig. 28A). The bottom depth in these regions is deeper than the hatching
depth and does not provide a constraint to successful completion of the descent-ascent
cycle. For some parts of the wAP continental shelf, the sinking embryo can encounter
the bottom before hatching. The descent-ascent cycles along the shelf resulted in
hatching around 450 and 700 m (Fig. 28B-E). Over Marguerite Trough where depths
are more than 900 m, the embryo hatched at 600 m and cycle was completed in 15
days. At the Laubeuf Fjord site inside Marguerite Bay (Fig. 28A, E), water column
depth is 620 m and the embryo reached the bottom before hatching and hatched after
24 hours on the bottom.
The time required for an embryo-larvae particle to reach calyptopis I was 13-15
days along Marguerite Trough and in the deeper regions of the wAP continental shelf
(Fig. 30). Shelf regions with shallow bathymetry limited development to 10 days and
the sinking embryo encountered the bottom before hatching.
In the biological hot spot regions, development from embryo to calyptopis I took
14-15 days (Fig. 30). The bathymetry and circulation of these regions favors retention, especially below 200 m. Residence times for particles at 300 m (inset table,
Fig. 30) are longer than those at the surface. The deeper residence times for the
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Fig. 29. Simulated vertical temperature profiles at the four locations that correspond
to the descent-ascent cycles shown in Fig. 28.

Alexander Island and Laubeuf Fjord areas are almost 3 to 4 times the required time
to complete development to calyptopis I. Thus, the retention times for these regions
allowed the descent-ascent cycle to be completed. The average summer residence time
for the Crystal Sound biological hot spot region was 18 days (see Table 6, Chapter
III), which is longer than the time needed to complete development to calyptopis I
and may also favor local retention.
Under current environmental conditions, regions where the sea floor depth exceeded hatching depth highlighted areas of the wAP continental shelf where the
descent-ascent cycle can be completed prior to the embryo reaching the bottom (Fig.
31). In regions offshore of the shelf break, in Bransfield Strait at the northern tip
of the Antarctic Peninsula, and an area south of Elephant Island, bathymetry does
not constrain the descent-ascent cycle. However, the Bransfield Strait and Elephant
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Fig. 30. Time (days) required for the simulated embryo-larvae particles to complete
the descent-ascent cycle. The time required for development to the calyptopis I in the
Alexander Island (Al), Crystal Sound (CS) and Laubeuf Fjord (LF) hot spot regions
(red boxes) is indicated on the scale (black arrow). The table shows the residence
times for particles at surface and 300 m that were obtained from the Lagrangian
simulations presented in Chapter III (e.g. Table 6). The 800-m isobath (white line)
shows the location of the shelf break and deep areas along the shelf.

Island regions are influenced by cold water coming from the Weddell Sea, and temperatures <-l°C delay development of the sinking embryo and increase hatching depths
(Hofmann et al., 1992). Also larval mortality increases with exposure to temperatures of <-l°C for long periods during the calyptopis I stage (Ross et al., 1988).
Throughout the mid-shelf of the wAP continental shelf are areas where the bottom
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Fig. 31. Difference between the wAP continental shelf bathymetry and simulated
embryo hatching depth

Only differences of up to 15 m are indicated (dark red)

because of the large differences in the deeper waters off the shelf. Bathymetry 500-m
intervals (gray lines) and the Wilkins Ice Shelf (WIS), George VI Ice Shelf (GVIIS)
and Larsen Ice Shelf (LIS) are shown.
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32. Difference between Marguerite Bay bathymetry and simulated embryo

hatching depth. Only differences of up to 15 m are indicated (dark red) because of
the large differences in the deeper waters off the shelf. Location of biological hot spots
(black circles) are shown. Bathymetry at 500-m intervals (gray lines), Marguerite
Trough, and the Wilkins Ice Shelf (WIS) and George VI Ice Shelf (GVIIS) are shown.

depth exceeds hatching depth by 10-15 m. Along the inner shelf some regions where
the difference is more than 10 m occur, but these are limited in extent (Fig 31).
Within the Marguerite Bay region, areas where the bottom depth exceeds the
embryo hatching depth occur along Marguerite Trough and in the biological hot spots
(Fig. 32). Smaller additional regions occur on mid-shelf off Alexander and Charcot
Islands and off the northern end of Adelaide Island (Fig. 32). These additional areas
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were also observed to have low export of simulated particles and limited connectivity
with other shelf regions (see Table 14, Fig. 24). Residence times in both regions
would support local development to calyptopis I.
5.3.3

Future environmental conditions scenarios

Potential perturbations to the descent-ascent cycle were tested using vertical distributions of temperature and density obtained from simulations with stronger winds
and a stronger ACC transport (Dinniman et al., submitted). These modified conditions resulted in transport of more CDW onto the wAP continental shelf and more
vertical mixing of the warmer water into the upper water column.
The difference in simulated embryo hatching time obtained for present and future
conditions showed little change over most of the mid and outer regions of the wAP
continental shelf (Fig. 33A). The only region where faster development (3-5 days)
occurred was in the inner shelf to the south of Alexander Island. Two areas showed
slight increases (2-3 days) in embryo development time (Fig. 33B). The largest was
found around Anvers Island a smaller region occurred in the inner part of Marguerite
Bay.
Similarly, hatching depth showed little change from present conditions (Fig. 34A,
B). The largest differences occurred along Marguerite Trough and in the Crystal
Sound hot spot regions where hatching depth shallowed by 10 to 20 m (Fig. 34B).
Isolated regions of the wAP continental shelf showed increased hatching depths, but
these were small relative to the overall shelf area (Fig. 34A, B).
Over the entirety of the wAP continental shelf the time required to complete the
descent-ascent cycle differed only slightly between present and future conditions (Fig.
35A). Faster times occurred in the southern part of the wAP shelf near Alexander
Island. Longer time occurred around Anvers Island (Fig. 35B).
The overall structure of the descent-ascent cycle is only slightly modified in limited
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Fig. 33. Difference in simulated embryo hatching time calculated from simulations
using temperature and density fields obtained for future (enhanced winds and ACC
transport) and present environmental conditions for all of the (A) wAP model domain
and (B) the Marguerite Bay region. Positive (negative) values indicate faster (slower)
development of the embryo and less (more) time until hatching. Bathymetry at 500-m
intervals (gray lines) and the Wilkins Ice Shelf (WIS), George VI Ice Shelf (GVIIS),
Larsen Ice Shelf (LIS), and Alexander Island (Axl) are shown.

regions by the projected future changes in temperature and density structure on the
wAP continental shelf. However, the possible important consequence of the projected
future changes may be by modification of the biological hot spot regions on the wAP
continental shelf. Thus, the flow fields from the future state simulations were used for
Lagrangian particle tracking simulations. Inputs to the hot spot regions then were
estimated from the particles that were transported to these regions (Fig. 36).
For the projected future circulation distributions, the regions of the mid and outer
wAP continental shelf that contribute to the Crystal Sound hot spot differed from
what was obtained for current conditions (Fig. 36A, D vs. 10A, D). Inputs still originate in the Bellingshausen Sea region and along the shelf break; however, a larger
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Fig. 34. Difference in simulated embryo hatching depth calculated from simulations
using temperature and density fields obtained for future (enhanced winds and ACC
transport) and present environmental conditions for all of the (A) wAP model domain
and (B) the Marguerite Bay region. Positive (negative) values indicate shallower
(deeper) embryo hatching depth. Bathymetry at 500-m intervals (gray lines) and the
Wilkins Ice Shelf (WIS), George VI Ice Shelf (GVIIS), Larsen Ice Shelf (LIS), and
Alexander Island (Axl) are shown.

percentage of particles were transported to this hot spot (40-80%) compared with the
20-60% that arrived for the present conditions simulation. The Alexander Island hot
spot received inputs from the continental shelf area southwest of Marguerite Bay (Fig.
36B, E), similar to the inputs observed in the present conditions simulation. Additional inputs from regions along Marguerite Trough reached Alexander Island with
the circulation produced by the future conditions. These new sources provide inputs
(40-60%) from a common transport pathway that is cyclonic around Marguerite Bay
(Fig. 36B, E). The Laubeuf Fjord region showed similar patterns of inputs for future
and present environmental conditions (Fig. 10, Fig. 36C, F).
Sea ice distribution is an important factor affecting the reproductive success of
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Fig. 35. Difference in time required to complete the descent-ascent cycle calculated
from simulations using temperature and density fields obtained for future (enhanced
winds and ACC transport) and present environmental conditions for all of the (A)
wAP model domain and (B) the Marguerite Bay region. Positive (negative) values
indicate faster (slower) cycle completion times. Bathymetry at 500-m intervals (gray
lines) and the Wilkins Ice Shelf (WIS), George VI Ice Shelf (GVIIS), Larsen Ice Shelf
(LIS), and Alexander Island (Axl) are shown.

Antarctic krill (Quetin and Ross, 2001). The simulated averaged winter sea ice distribution for present conditions showed 30%-50% coverage over much of the wAP
continental shelf, with about 80% in Marguerite Bay and the area to the west towards the western Bellingshausen Sea (Fig. 37A). The simulation with the future
environmental conditions resulted in reduced average winter sea ice coverage (Fig.
37B). Marguerite Bay was not completely covered by sea ice and in the western
Bellingshausen Sea the 80% coverage boundary has moved onto the shelf (e.g. onshore from the 800-m isobath). The largest reduction in sea ice coverage was along
the inner shelf north of Marguerite Bay and along the mid and outer shelf west of
Alexander Island. The northern side of the wAP was more affected. Between Renaud
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Fig. 36. Trajectories of simulated floats (gray lines) and the distribution of the
source regions and associated percentage of particles that were provided to the (A,
D) Crystal Sound (CS), (B, E) Alexander Island (Al), and (C, F) Laubeuf Fjord
(LF) biological hot spot regions (indicated by filled square). Only the trajectories
that originated in areas with contributions to the hot spots greater than 20% are
shown. The simulated floats were released at 300 m (release point indicated by •) at
10-day intervals for 60 days in a grid of transects that extended across the continental
shelf break (shown in Figure 2). The bottom bathymetry (m) is shown by the light
gray lines.
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Fig. 37. Simulated average percent winter sea ice cover obtained for (A) present
conditions and for (B) future conditions of increased winds and enhanced ACC transport. The 80% sea ice cover (black thin line) and 800-m isobath (black thick line) are
shown.
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Fig. 38. Percent difference in the simulated winter sea ice coverage obtained for
present conditions and future conditions of increased wind and enhanced ACC transport. Positive (negative) values indicate more (less) sea ice coverage for future environmental conditions. The Wilkins Ice Shelf (WIS), George VI Ice Shelf (GVIIS),
Larsen Ice Shelf (LIS) and 800-m isobath (gray line) are shown.

Island and the Gerlache Strait the sea ice coverage decreased about 20%. Bransfield
Strait also showed less sea ice cover, decreasing from 75% to 60%.
The difference in the mean winter sea ice coverage between future and present
conditions around Marguerite Bay (Fig. 38) showed a 30% reduction in the Crystal
Sound hot spot region. The Laubeuf Fjord hot spot region showed a reduction of
approximately 15%. The Alexander Island hot spot and in general all the inner shelf
north of Alexander Island showed a slight increase in sea ice cover (2-3%). The
difference in the summer average distribution of sea ice between future and present
conditions (Fig. 39) showed reduced sea ice south and west of the Marguerite Bay.
A 20% reduction was observed along the north side of Alexander Island and at the
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Fig.

39. Percent difference in the simulated summer sea ice coverage obtained

for present conditions and future conditions of increased wind and enhanced ACC
transport. Positive (negative) values indicate more (less) sea ice coverage for future
environmental conditions. The Wilkins Ice Shelf (WIS), George VI Ice Shelf (GVIIS),
Larsen Ice Shelf (LIS) and 800-m isobath (gray line) are shown.

entrance of George VI Sound.
The trajectories of the Lagrangian particles (e.g. Fig. 10, 11) showed that the
areas with largest winter sea ice reductions are the same as those that provide particles
to the biological hot spot regions (Fig. 40).

The time scales of these particles are

variable but are generally consistent with developmental times for krill larvae spawned
along the mid and outer shelf, and towards the Bellingshausen Sea area (Fig. 41).
The frequency distribution of the particles reaching the hot spots with times matching
the developmental time scales for larvae and 1-year old Antarctic krill, showed that
17.6% of the particles reaching any of the hot spots corresponded to krill larvae from
early stages (N1-C3) and 25.2% corresponded to larvae in the furcilia stage (Fig. 41).
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Fig. 40. Simulated trajectories (black lines) showing inputs to the biological hot
spots regions overlaid on the percent difference in winter sea ice coverage obtained
from the future and present environmental condition simulations. Positive (negative)
values indicate more (less) sea ice under future environmental conditions of increased
winds and enhanced ACC transport. The Wilkins Ice Shelf (WIS), George VI Ice
Shelf (GVIIS), Larsen Ice Shelf (LIS) and 800-m isobath (gray line) are shown.
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Fig. 4 1 . Frequency distribution of the transport time for the simulated particles that
provided inputs to the biological hot spots regions. The transport times were mapped
into Antarctic krill life stages that correspond to Nauplius to Calyptopis (dark gray
bars), Furcilia stages (green bars), 1 year old krill (black bars) and +1 year old krill
(light gray bars) using the developmental times given in Table 10.

Juveniles (>191 days and <1 year old) correspond to 29.4% of the particles reaching
the hot spots. This was the largest group reaching the hot spots after transport
across the wAP shelf. These results imply that 72.2% of the progeny (larval and
juvenile stages) resulting from summer reproduction along the wAP shelf would have
to overwinter in areas where the highest reduction of sea ice was observed.
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5.4

DISCUSSION

5.4.1

Controls by shelf bathymetry and sea ice

The descent-ascent cycle simulations showed that successful completion of this
cycle is possible on the wAP continental shelf. Over most of the wAP shelf the first
feeding stage of the larvae was able to return to the sea surface. The assumption that
the embryo is nonviable or consumed if it hits the bottom prior to hatching places
a constraint on the areas of the wAP shelf that will support successful completion
of the descent-ascent cycle. In most simulations, hatching occurred between 400-600
m. Areas of the wAP shelf that are deeper than 500 m are limited to about 30% of
the shelf area (Hofmann and Husrevoglu, 2003), implying that only a small portion
of this shelf may contribute to Antarctic krill populations.
On the wAP continental shelf the descent-ascent cycle takes about 15 days. The
presence of CDW on the shelf (Klinck et al., 2004; Dinniman and Klinck, 2004)
accelerates embryo and larvae development (Ross et al., 1988) and assures the successful completion of the cycle in the deeper regions. The shelf region north of Adelaide Island, which supported successful hatching of simulated embryos, is coincident
with observed high abundances of Antarctic krill nauplii during the austral summer
(Makarov et al., 1990). Eggs were also observed on the shelf, although not in high
numbers (50 ind m~2) (Makarov et al., 1990).
Average sea ice duration and extent have been identified as important contributors to krill reproduction and recruitment success (Loeb et al., 1997; Siegel and Loeb
1995; Ross et al., 1996; Quetin and Ross, 2003; Ducklow et al., 2007). The recruitment index of Antarctic krill is correlated with the timing of sea ice advance, with
high recruitment occurring when sea ice advances earlier in the fall (Quetin et al.,
1996; Quetin and Ross, 2003) and the duration and extent of winter sea ice affects
recruitment success and reproduction (Quetin and Ross, 1991; Siegel and Loeb, 1995;

128
O'Brien et al., 2011). The simulated winter sea ice distributions obtained for future
conditions showed a decrease in sea ice in the areas of wAP shelf that are coincident with the biological hot spots and the areas that provide inputs to these regions.
Sea ice distribution and extent on the wAP sea ice is already changing with the advance occurring later in the fall and retreat occurring earlier in the spring (Smith
and Stammerjohn, 2001; Parkinson, 2002). The results from this study suggest that
recruitment success of krill populations on the wAP shelf will be affected by the
projected future changes in winter sea ice distribution and extent.

5.4.2

Krill reproduction on the shelf

Observations of the abundance and distribution of Antarctic krill during the SO
GLOBEC field studies suggested that Antarctic krill reproduction occurs in onshore
and offshore areas of the wAP shelf (Ashjian et al., 2004; Daly, 2004; Lawson et al.,
2004; Pakhomov et al., 2004; Wiebe et al. 2011). Simulations of the descent-ascent
cycle suggested that successful reproduction can occur over the deeper regions of the
wAP shelf (e.g. Fig. 28). The greatest abundance and biomass of larval krill were
observed along the wAP mid shelf to the west of Adelaide Island during fall (Ashjian
et al., 2004). This area is coincident with the area with older stages of krill larvae
that originated from particles released in Marguerite Bay southwest of Adelaide Island
(e.g. Fig. 24D). These deeper portions of the shelf were also where the descent-ascent
cycle was successful.
Additional support for local reproduction of Antarctic krill on the wAP shelf
comes from observed spatial distributions of zooplankton distribution and abundance
(Marrari et al., 2011). Juvenile krill (one year old) were abundant (132 ind m~3) on
the inner shelf around Marguerite Bay, indicating successful recruitment from larvae
produced the previous year (Daly, 2004). The depth distribution of Antarctic krill
larvae during fall in Laubeuf Fjord (Daly, 2004) showed that late furcilia stages were
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abundant in the upper 50 m. The Laubeuf Fjord region is a biological hot spot
and also one that retained particles for over a year (e.g. Table 8). It is also one of
the deeper regions of the innershelf where reproduction can successfully occur (e.g.
Fig. 28). Moreover, net samples from the austral fall and winter showed that krill
dominated the zooplankton biomass in the Laubeuf Fjord region between 50 and 100
m (Ashjian et al., 2004). This area also showed high backscattering returns (from
acoustic surveys), which are related to zooplankton abundance (Lawson et al., 2004).
The vertical distribution and abundance of krill larvae obtained from net samples
made in fall (Wiebe et al., 2011) showed high abundances of different life stages
across the wAP shelf. Off Alexander Island, high abundances of calyptopis (756 ind
m~2) were observed. This region is also deep which allows completion of the descentascent cycle and therefore local reproduction. In this region the northeasterly flowing
shelf currents along the outer part of Alexander Island turn across the wAP shelf
along the southern flank of Marguerite Trough north of the hot spot off Alexander
Island (e.g. Fig. 4). Thus, the simulated Lagrangian particle experiments showed
that Alexander Island received inputs primarily from the adjacent shelf region from
the same area where the highest number of calyptopis were observed. Analysis of
Video Plankton Recorder measurements made during fall showed that larval krill were
present across the entire shelf (Ashjian et al., 2008). Also, high larval abundances were
found at depth along a transect that crossed Marguerite Bay, particularly along the
portion that crossed Marguerite Trough (Ashjian et al., 2008). Observations from a
deep water remotely operated vehicle made during the austral summer showed gravid
females above the seabed in Marguerite Trough (Clarke and Tyler, 2008). These
adult krill were actively feeding and exoskeletons resulting from molting that may
have occurred as the result of spawning were observed. These observations support
the conclusion from the simulations that this area of the wAP shelf can support local
reproduction and subsequent retention of the early life stages of Antarctic krill.
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5.4.3

Environmental change effect on lower and higher trophic levels

The habitat of the wAP continental shelf is structured by CDW and sea ice,
which in turn have large effects on the ecosystem of the region (Hofmann and Murphy, 2004; Hofmann et al., 2008, 2011; Stammerjohn et al., 2008a). Changes in the
wind speed are already documented for the Southern Ocean (Russell et al., 2006).
Thus, perturbations to CDW and sea ice distribution and extent that may arise via
global change could have significant effects on the biological production of this region.
The simulation with increased winds showed that the volume of CDW introduced to
the wAP increased as did the vertical mixing of this water into the upper water
column (Dinniman et al., submitted). The consequences of this for sea ice were significant, resulting in reductions of summer and winter sea ice extent (Dinniman et
al., submitted). However, the effect of this modified circulation had little effect on
the descent-ascent cycle. Differences in hatching and developmental times between
present and future conditions were small, with the effects confined to limited areas
of the shelf. Thus, the ability for successful completion of the descent-ascent cycle
on the wAP shelf will not be significantly altered for the projected future conditions
used in this study. However, a reduction in winter sea ice has implications for the
overwintering success of the larvae resulting from reproduction. This portion of the
early life history of Antarctic krill is where the effect of the projected changes to the
habitat may potentially have the largest effect.
The decreased simulated mean winter sea ice distribution was largest (relative of
current conditions simulation) in the mid and inner shelf region of the wAP, which
support the biological hot spots as well as successful reproduction. Thus, warming
of the shelf waters may shorten the descent-ascent cycle time due to faster development. However, growth increments and daily growth rates for Antarctic krill across
the Scotia Sea decreased with increasing krill length and decreased above a temperature optimum of 0.5°C. (Atkinson et al., 2006). This indicated that there is thermal
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stress at the northern limit of Antarctic krill distribution. Increased volume of CDW
transported onto the wAP shelf may support faster development of the embryo and
larva and may contribute to increased reproduction in regions south of Marguerite
Bay where depth does not constrain the descent-ascent cycle. Under current conditions, this region has lower temperatures which result in embryos hatching at greater
depths. Thus, warming of the wAP shelf south of Marguerite Bay will support embryo hatching and thereby open new areas of the shelf where local krill reproduction
can be successful. However, at the same time, warming of the shelf to the north of
Marguerite Bay may result in temperatures above 0.5°C which may affect growth
rates. Thus, a consequence of reduced sea ice, increased volume of CDW, and more
open water on the wAP shelf may be shifting of the krill habitat boundaries to higher
latitudes.
A reduction in sea ice extent and distribution will also affect higher trophic level
predators. For example, simulations that linked climate variability and Adelie penguin chick growth and adult foraging showed that environmental changes that reduced
prey density or increased adult foraging distance, as will occur with decreased sea ice,
had negative impacts on chick success (Chapman et al., 2010). Also, reduced sea ice
extent along the wAP may have already limited the distribution of Antarctic silverfish (Fuiman et al., 2002), which is an important prey item for Adelie penguins and
their chicks (Chapman et al., 2010). Also, changes in the habitat are likely to alter
the primary production, chlorophyll concentrations, and phytoplankton community
composition in wAP shelf waters (Moline and Prezelin, 1996). These changes will
affect the quality and quantity of food available to Antarctic krill and also to the
higher trophic levels (Ross et al., 2000). Thus, regional warming and associated habitat changes may potentially alter the productivity and structure of the marine food
web of the wAP continental shelf.
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CHAPTER 6
SUMMARY
Numerical circulation models coupled with Lagrangian particle tracking studies
have been used to investigate connectivity in many systems and to understand the
relative role of the circulation in producing observed biological distributions (see
review in de Young et al., 2010). These studies showed that the large scale flow is
important in connecting regions for species that spawn in one region and recruit in
another (Cowen et al., 2007) and that variability in the flow can result in variability in
subsequent recruitment to these populations. The Antarctic krill populations along
the wAP are at the extreme end of these studies in that the organism is long-lived,
has a relatively long larval period, and is dependent on the structure of the habitat
(depth and sea ice) for success of the early part of its life history. The results from
this study provide insights into how Antarctic krill interacts with its habitat to ensure
success of the descent-ascent cycle and maintenance of populations along the wAP
continental shelf. A summary of the main findings for each of the research questions
that underpin this study are given below.
Research question 1: What are the transport pathways, preferred sites for acrossshelf exchange and residence time for localized areas of the wAP continental shelf?.
The simulated circulation distributions showed that the ACC influences the wAP
shelf circulation. The Lagrangian particle tracking simulations showed that intrusions
of CDW onto the shelf occur at specific sites that are associated with irregularities in
the outer shelf bathymetry. Primary intrusion sites were the depression off Alexander
Island and the outer Marguerite Trough at the shelf break. Across-shelf transports
occurred over depths that coincided with the core of the CDW (300 - 500 m). The
simulated residence times and transport pathways showed that the wAP shelf circulation produces areas where particles were retained. However, particle retention times

133
differed for the different biological hot spot regions. Crystal Sound and Laubeuf Fjord
had retention times of over one year, while those for the Alexander Island hot spot
were shorter. Inputs to hot spots regions occurred as a result of the advective circulation and originated in different regions of the Bellingshausen Sea and the adjacent
wAP shelf. Alexander Island received inputs from the adjacent shelf region, while
Crystal Sound received inputs from the Bellingshausen Sea as well as the adjacent
shelf. Laubeuf Fjord received particles from Marguerite Bay and the local wAP shelf
region.
Research question 2: What is the role of the circulation in developing and maintaining localized areas of enhanced production and in structuring the distributions of
Antarctic krill larvae on the wAP continental shelf?.
The simulated particle distributions and transport pathways were strongly controlled by circulation over the wAP continental shelf. The circulation in the biological hot spot areas was controlled by bathymetry, outflow from the GVIIS, and
wind patterns. These factors are persistent over time, resulting in a relatively stable
circulation pattern throughout the year. The persistence of the circulation maintains
conditions that may provide a dependable planktonic prey supply for the top predator
populations associated with the hot spot regions. Thus, variability in the biological
production in these regions may be controlled by the strength of the circulation and
the particular source regions, which will affect the rate and type of inputs/prey, respectively.
Research Question 3: What is the contribution of local retention versus inputs from
remote sources to maintenance of Antarctic krill populations on the wAP continental

shelf?.
The Lagrangian tracking experiments showed that particles released in upstream
regions of the Bellingshausen Sea were entrained in the north-northeasterly flowing
ACC and transported along the outer shelf, reaching the wAP shelf in 120-150 days.
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This transport time scale corresponds to the developmental times associated with
early to late larval stages of Antarctic krill. Thus, the regions where onshelf movement of particles (related to krill larval stages) was observed were consistent with
areas where persistent krill populations have been observed and with observed larval
distributions, such us Crystal Sound and Laubeuf Fjord. Marguerite Trough is an
important conduit for the transport of particles (and larvae) onto the shelf that originated in upstream regions of the Bellingshausen Sea. Two predominant transport
pathways moved particles onto the shelf; the northern limb of Marguerite Trough
which reaches Laubeuf Fjord, and the depression off Adelaide Island, which reaches
Crystal Sound. The estimated residence times for inner shelf regions are long enough
for the larvae originating in upstream regions to be retained and recruit to the shelf
krill populations by fall when the seasonal pack ice closes. The Lagrangian experiments also showed that the area southwest of Alexander Island is a potential source
of larval krill to the Marguerite Bay region, particle transport times were consistent
with calyptopis 2 larvae and the estimated upstream spawning ground that would
result in inputs of larvae to that portion of the wAP shelf that is from an area where
high chlorophyll a concentrations have been observed.
The simulated dispersion of Antarctic krill larvae that originated along four regions of the inner shelf, showed distributions similar to observations obtained during SO GLOBEC field experiments. Numerical simulations suggested that if local
reproduction occurs around Marguerite Bay, the late stage of furcilia larvae will be
found on the mid-shelf north of Adelaide Island or within the fjords inside Marguerite
Bay. The simulated dispersion and the residence times also suggested that embryos
spawned on the shelf could develop into furcilia 3 larval stage before being exported
or retained on the shelf and would provide the source of the furcilia 6 larvae observed
later in the fall. Local reproduction does not imply local retention, which was the
case for the simulated trajectories for particles released at the innershelf sites north
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of the Marguerite Bay region. Specifically north of Renaud Island, where more than
50% of the individuals followed a downstream pathway, which may have implications
for Antarctic krill populations on Bransfield Strait, Elephant Island and even South
Georgia.
Research Question 4-' How are Antarctic krill reproduction success and larval krill
distribution modified by environmental conditions that may potentially occur as the
result of global warming?.
The simulations of the descent-ascent cycle of Antarctic krill embryo-larvae suggested that reproduction is possible on the wAP continental shelf in areas where
bottom depths exceed 500 m. However, these regions are limited and consist of less
than 30% of the continental shelf. The presence of CDW on the wAP shelf enhances
the development of the embryo-larvae and supports successful completion of the cycle
at a depth that results in larvae remaining in good condition prior to reaching the
first feeding stage. The simulated descent-ascent cycle was completed in 15-20 days
in areas of the wAP shelf that were consistent with the biological hot spot regions.
These time scales were less than the estimated residence times for inner shelf regions
which provided additional support for the local circulation to enhance retention and
favor reproduction.
Sea ice distribution is an important factor affecting timing and reproduction success of Antarctic krill. Future environmental conditions that may result from global
warming resulted in significantly reduced simulated winter sea ice distributions. The
largest reduction of sea ice distribution was observed from Marguerite Bay to the
innershelf region north of Adelaide Island and along the mid and outer shelf west
of Alexander Island. These regions coincide with the location of the biological hot
spots. This result implies that krill larvae would have to overwinter in areas where
the highest reduction of sea ice was observed.
The simulated Lagrangian particle trajectories showed that inputs to the areas
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with the largest winter sea ice reductions came from the same areas over the shelf
as was observed in the simulations assuming present conditions. The time scales for
these inputs were variable but agreed with the development times of krill spawned
in upstream source regions. The simulated trajectories under future environmental
conditions suggested that the circulation would enhance advection of krill larvae to the
shelf but that the recruitment and future reproduction will be altered by modifications
to local conditions (reduction of sea ice, increase of water temperature, increase of
fresh water from melting) that would impede survival of Antarctic krill that overwinter
on the shelf.
This study provided insights into the role of ocean circulation in producing the
observed biological distributions on the wAP shelf and the fate of krill distributions
under present and future environmental conditions. However, some questions are still
unanswered. The results obtained in this study have implications for the distributions of top predators on localized areas of the wAP shelf. Predator abundance and
composition in the hot spot regions depend on the volume, type, and quality of the
prey transported to these regions. Therefore, studies of food web structure and dominant trophic pathways are needed to understand the consequences of climate-induced
changes for the resident predator assemblages on the wAP continental shelf. Additional modeling and observational studies are needed to extend the results of this
study to understand the effect of modified sea ice, circulation and hydrographic properties of the wAP on the reproductive success, recruitment and retention of Antarctic
krill. The importance of Antarctic krill in the wAP marine food web makes understanding the effects of rapid changes resulting from climate warming of critical.
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